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The economic growth of countries leads to an increase in energy demand. Energy consumption 
in most developing countries is likewise increasing due to their economic growth. This has 
raised a concern about meeting the energy shortage in their communities. The rising alert of air 
and environmental pollution has created opportunities for electricity access through renewable 
energy sources as a viable solution to meet the growing energy demand. Therefore, power 
generation through renewable energy can be a sustainable energy solution for developing 
countries. Considering the rate of developments in some countries (e.g. Zimbabwe), the 
extension of power lines from the main grid in a centralized manner to remote and rural areas 
is still economically challenging. This study addresses how to improve electricity access to 
rural areas in Zimbabwe. The overall electrification rate of Zimbabwe is 40.42% with 
approximately 85% urban population and 15% rural population, which has a deficit in rural 
electricity access. There is therefore a great concern to increase access to electricity in rural 
and remote areas. 
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This study presents information on an off-grid hybrid micro-grid that is powered by solar and 
wind energy sources, designed for an isolated rural location in Zimbabwe called Kagoro village 
in Mhondoro. A door to door survey, which included a questionnaire was done in order to 
gather information on the type of energy use in the area and their effects on lives and 
livelihoods, estimation of energy consumption, and future energy demand. The methodology 
further included the simulation of a designed hybrid micro-grid for Kagoro village made up of 
a combination of photovoltaic (PV) array, wind turbine, diesel generator, battery storages, and 
converters. The micro-grid model for the location was designed using Hybrid Optimization of 
Multiple Electric Renewables (HOMER) software in order to determine the optimised sizes of 
photovoltaic (PV) array, wind turbine, diesel generator, battery storages and converter. The 
economic analyses conducted also considered different uncertainties of resources, economies, 
and system designs in order to come up with a reliable and cost-effective micro-grid system. 
The proposed optimal hybrid renewable energy system for the Kagoro case study comprises of 
a Photovoltaic-Wind-Diesel-Storage system. The results obtained presented that a 
Photovoltaic-Wind-Diesel-Storage system with no tracking system has the lowest Levelized 
cost of electricity (LCOE) and net present cost (NPC) with highest renewable energy fraction 
(RF) of 97.7%. The proposed microgrid system could supply the electricity at $0.223/kWh 
with net present cost (NPC) of $1,607,150 and payback time of 5.6 years. The micro-grid has 
a standalone breakeven Electric Distance Limit of 32.67 km less than the 100 km transmission 
powerline required to connect Kagoro village to the main grid. The proposed system consist of 
292 kW solar PV arrays , 2 x 100 kW XANT M-21wind turbines, 100 kW diesel generator , 
518 kW, 12 V Lithium-ion battery storage, 196 kW inverter and a 196 kW rectifier with a 
dispatch strategy of HOMER load following. Comparative analysis was made with the existing 
grid tariff of Zimbabwe to investigate the feasibility of the system. This research study has 
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1. CHAPTER 1: INTRODUCTION  
1.1.  Introduction  
According to the World Bank report on electricity access and levels of electrical grid footprint 
in Sub-Saharan Africa in 2019, the rate of access to electricity in the region is significantly 
lower than it should be. In order to deal with this power shortage, it is estimated that millions 
of electrical connections are needed with equivalent increased investments [1], [2].  
Energy is now a crucial concern for the development of most developing countries. As for 
developing countries (e.g. Zimbabwe), energy is most important in many sectors for the nation 
to be economically viable and developed. Most African countries have been dependent on 
fossil fuels. Their electricity production has continually been increasing in both relative and 
absolute terms. According to the world statistics in 2017, fossil fuels generated about 64.5% of 
the worldwide electricity compared to other previous years. Currently, in most developing 
countries in Southern Africa, a ratio of one to seven people has no access to electricity, in such 
statistics, the energy demand will continue to rise due increase in the number of people who 
need access to electricity [3].  The world is changing towards the use of resources that supports 
the decrease of air pollution that is the greenhouse gas emission must reduce in order to 
moderate climate changes, therefore, the use of cleaner sources of energy is more favourable 
to reduce air pollution. This will require a large investment in low-carbon emission energy 
sources, of which solar and wind are popular examples, as explored in this research. In order 
to accomplish a sustainable world, all segments of the economy must be decarbonized, this 
includes heat, industry, and transport sectors. Electricity offers ways to utilize low-carbon 
emission energy sources, and so in general, electrification is a key tool to decarbonize a wide 
range of sectors that are customarily powered by fossil fuels. As the access to electricity is 
being extended to the general population, the electricity demand is growing significantly [3].   
The energy conversion from fossils to electrical energy of the currently existing power grids is 
only one-third of fossil fuel energy according to the previous studies [4]. The current existing 
power grids do not contain power storages; therefore, their design and architecture are based 
on generating energy matching the energy consumed by the end-users [5]. The power 
generation of the current power grids relies on fossil fuels and they contribute largely to air 
pollution in the World. Also, the existing power grid due to its categorized topology of 
transmission and distribution networks suffers from domino-effect failures [6]. 
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The introduction of new technologies, which implement the use of renewable energy resources 
such as solar energy, hydro-energy, wind energy, etc. is being introduced to meet the global 
energy demand [7]. The construction of new large power generating plants is no longer keeping 
with the growth of electricity demand; therefore, the constellation of distributed energy 
technologies is implementing micro-grids that is a combination of power generation, smart 
electric devices, and storage resources that are connected to a load, that can connect and 
disconnect from the main grid at any time [3]. 
Micro-grids are intentional islands formed in an electrical distribution system that contain at 
least one distributed energy resource and associated loads within clearly defined electrical 
restrictions that acts as a distinct controllable unit [8]. According to previous studies, a micro-
grid can also be defined as a regional or communal energy system comprising distributed 
energy sources (renewable and/or non-renewable) often in order to optimize power quality, 
reliability, efficiency, and sustainability with accompanying economic benefits (cheaper cost 
of energy, local employment generation, and economic development) and environmental 
benefits (if renewable energy sources are used). A micro-grid composes of one or more 
generation units connected to a nearby load that can be operated independently from the local 
distribution system. Previously, micro-grids were mostly used at hospitals and military bases 
that require more energy reliability. Now, micro-grids are being used to integrate very high 
percentages of renewable energy, to manage energy costs, and to provide safe public during 
natural disasters. Micro-grids are also unique undertakings that can be developed in remote 
areas such as in rural areas [9]. 
1.2.  Research Problem Statement 
Energy is fundamental to any country’s economy because it is a great driver of the economy. 
Energy is a vital force that powers manufacturing, businesses, transportation, and delivery of 
services in the nation. Therefore, it is an enabler of economic growth, development, and 
stability. Due to the economic growth of developing countries, and the increasing need for 
industrialization there has been an increase in energy demand. In some cases, load shedding is 
being used as a way of balancing the ever-increasing demand with the dwindling generation 
capacities. The interruptions caused by load shedding have some negative impacts on 
residential, industrial and commercial consumers. Most countries like Zimbabwe have been 
dominated by the use of coal as their primary energy source. However, the use of resources 
such as coal, wood, and natural gas is decreasing due to their diminishing availability. The need 
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to reduce the use of fossil fuel effects on the environment, national energy security, and the 
cost of fuel, has established an opportunity for implementation of renewable energy in 
Zimbabwe. The idea of the introduction of micro-grid systems, which are powered by 
renewable energy sources is hoped to counter such effects.  
1.3.    Research Gap  
The literature review suggests that several studies have been carried out in the research area of 
introduction and design of micro-grids, which focuses mostly on optimization, modelling, 
control, and energy management of micro-grids. Moreover, most of these studies have been 
lacking clarity on ways of improving the efficiency and reliability in electricity production of 
micro-grids by finding alternatives to improve the performance of individual renewable 
technologies that function as energy sources in a micro-grid and the introduction of micro-grids 
as a common idea for economic development for developing countries with struggling energy 
sectors. Different studies have also taken interest in discussing the idea of maximising technical 
feasibility in terms of power delivery or economic feasibility of hybrid micro-grids either in 
standalone or grid-connected mode. However, none of the studies considered maximising both 
technical in terms of maximising renewable energy fraction and economic feasibility of micro-
grid robustly and satisfactory. The goals of this study are to have a design that has electricity 
production that is reliable and the most cost-effective design that can be used to improve the 
power distribution to the specific rural population. This study will focus on maximising the 
renewable energy fraction of the system with the least Levelized cost of electricity in both 
standalone and grid-connected modes compared to the local grid. 
1.4.  Research Objectives and Questions 
The research objectives of this study include the following: 
• To design a reliable micro-grid system that can power a community that consists of 
school, residential, and business areas. 
• To design the most economical (i.e. cost-effective) micro-grid system that can be easily 
accessed and afforded by the community. 
• To evaluate and validate the performance of renewable energy micro-grids compared 
to current power grids.  
• To improve the efficiency of micro-grid by improving the solar system installation 
mechanism by adding a control mechanism for solar PV to improve the power output 
of solar system. 
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• To prove that the introduction of off-grid micro-grids that relies on renewable resources 
can be a solution to rural electrification and can improve the electrification rate of the 
country. 
It is with the current state of the energy production in Zimbabwe that the following research 
questions are formulated for this study:  
1. What other methods can be introduced to improve the power generation in Zimbabwe, 
in order to meet the current demand? 
2. Will the introduction of off-grid electrification improve the electrification rate for rural 
electrification? 
3. How does the introduction of off-grid electrification to rural areas improve the 
economic and industrial development of the country? 
4. What is the cost such intervention to the Kagoro village under consideration? 
5. Will the residents of Kagoro village find the proposed renewable energy microgrid 
affordable? 
6. What advantages can the proposed renewable energy microgrid offer to the residents of 
Kagoro village? 
1.5.  Research Approach 
In this study a mixed-method research approach was used, which includes qualitative and 
quantitative research approaches. The qualitative research involved the choice of an 
unelectrified village located in Zimbabwe as a case study. A questionnaire was conducted there 
on energy use and the data collected was mined and analysed. For the quantitative research, it 
involved the testing of conducted theories by simulating different renewable energy resources 
using HOMER software. A technical and resource assessment was conducted, which was then 
mathematically analysed, and the results presented. The core assumption for using this mixed-
method research approach is because the combination of quantitative and qualitative 
approaches offers a comprehensive understanding of the research problem better than using 
individual approach either quantitative or qualitative.                                                                                                                                  
1.6.  Research Goals 
The overall goal of my research is to design an off-grid micro-grid that has a reliable electricity 
supply, which uses renewable energy resources as its main energy generation sources for the 
rural unelectrified area of Kagoro village in Zimbabwe. Therefore, the research could lead to 
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economic development for the targeted rural community. Also, the off-grid micro-grid would 
be environmentally friendly in order to support the goal of reducing global warming. 
1.7.  Research Contributions 
The first contribution of this research is on the design architecture of a hybrid micro-grid and 
its functionality. The model formulated in this study gives a detailed overview of how to 
improve the efficiency of energy production from renewable energy resources such as the PV 
system. The study concluded from data modelling has shown that hybrid micro-grids can 
improve their electricity production by enhancing the performance of energy generation of the 
solar system. It also shows that using more than one energy resource in a micro-grid can make 
its energy supply more reliable. Another contribution is that the qualitative research approach 
showed that the introduction of micro-grid to the remote areas can actually improve the 
residents’ standard of living and livelihoods. Furthermore, the work is an example of how 
developing countries can mitigate lack of access to electricity, and thereby improve their 
economic development.  
1.8.  Overview of Study 
To achieve the objectives of this study, the dissertation will follow the sequential process that 
is shown in Figure 1. 
• Chapter 1 - Introduction: This first step introduces the problem and task of the project. 
It also defines to what extent the problem is going to be addressed. 
• Chapter 2 - Literature Review: This is the research stage that states the requirements 
of the research study in detail. Also, this stage includes the presentation of past and 
current studies in relation to this research, which also provides a review about the 
micro-grid technologies.  
• Chapter 3 - Research Methodology: This section of the dissertation gives details on 
the methods and approaches that were used for the research study. It also provides an 
in-depth information regarding how the research study was conducted. 
• Chapter 4 - Results and Discussion:  This chapter shows the results obtained and the 
relevant discussion in detail including details of the project based on the Kagoro village 
case study model. It also gives in detail the technical and cost analyses of how the 
project was conducted. The results on methods of data collection, implementation of 





Figure 1: Research overview 
• Chapter 5 - Conclusion: This is the concluding chapter of the dissertation, and it gives 
the final overview of the research study and the underlying conclusions. From the 
drawn conclusions, the recommendations for future work were identified and presented. 
1.9.  Chapter Conclusion 
This chapter introduces the problem statement and the areas that this research would focus on. 
Additionally, detailed research objectives for the study followed by research questions were 
given in this chapter. This chapter gave a brief overview of how this research is going to be 
conducted and a summary of the research contribution. Finally, an overview of the chapter 
sequence for the dissertation was shown.  
The following chapter will provide an overview of the literature review of the existing 
methodologies, techniques, and detailed theory within the field of off-grid micro-grid 




2. CHAPTER 2: LITERATURE REVIEW 
2.1.   Introduction  
The information presented in this chapter provides the necessary literature background for this 
research study. This chapter will cover the literature review on the state of electricity access in 
Zimbabwe, potential renewable energy resources available, and detailed information about 
micro-grid technologies.  
2.2.   The Structure of the Zimbabwean Electricity Sector 
Zimbabwe is currently facing consistent power shortages as shown by an estimated electricity 
shortfall of about 60% [10]. The literature study shows that the Zimbabwe Electricity Supply 
Authority (ZESA) has an electricity generation capacity of 845 MW from energy report in 
2016, against the expected country’s electricity demand of 2,200 MW and an installed capacity 
of about 1,940 MW [11]. Peak demand has been recorded at 2,200 MW [11]. About 52% of 
the country’s total population has access to electricity, which consists of about 40% of the rural 
population and 78% of the urban population. From the total rural and urban household 
population, it is estimated that about 1.2 million rural households and 200,000 urban 
households do not have access to electricity in Zimbabwe [10]. 
Zimbabwe is heavily dependent on its water and coal resources to produce electricity. The 
highest electricity supply comes from the Hwange Thermal Power Station (920 MW), Kariba 
Dam Hydroelectric Power Station (750 MW),  and from the other three ZESA subsidiaries  
which are coal-fired power stations, in which all are managed by the Zimbabwe Power 
Company (ZPC) [12]. Zimbabwe is currently into an exceptional electricity generation crisis 
which has caused a decrease in the electricity supply to lower than half of the country’s 
electricity demand. This electricity generation crisis was triggered by the Kariba Dam water 
levels which were decreasing, and also by technical faults in old machinery being used at the 
Hwange Power Station. Recently according to Zambezi River Authority data, the Kariba dam 
reservoir water levels were noted to be at their lowest biannual average for the past twenty 
years [13]. Due to recent maintenance and repairs that were taking place in power plants, it 
resulted in extensive load shedding causing about 18 hours of regular power interruptions. The 
Zimbabwe Power Company (ZPC) declared an expansion project for the Hwange with an 
additional 600 MW and the Kariba Hydro Power Stations with an additional 300 MW in 2014 
as a way of rectifying the electricity shortages [14].  
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Since the commissioning of a coal-firing Hwange power plant in 1988, there are no new major 
developments in the energy sector. “Recently, it was observed that about only 50% of the 
nation’s installed power stations capacity is available for power generation. In 2015 and 2016 
the State Procurement Board (SPB) awarded a number of tenders for Zimbabwe Power 
Company power projects, which includes the Gwanda 100 MW solar plant, Munyati 100 MW 
solar plant, Mutare 120 MW Peaking Power Plant, Insukamini 100 MW solar plant, Dema 200 
MW diesel power plant, 600 MW Hwange 7 and 8 Extension,  300 MW Kariba South 
Extension, 30 MW Gairezi hydro, and the repowering of Bulawayo (addition of 90 MW), 
Harare stations increased to 120 MW, and Munyati with refurbishment from 23 MW to” 100 
MW [13].   
In order to supplement the power supply, Zimbabwe imports power from South Africa, the 
Democratic Republic of the Congo (DRC), and Mozambique. Since in August of 2019 the 
Zimbabwe Electricity Supply Authority (ZESA) started to receive about 400 MW of electricity 
from Eskom the electricity company of South Africa [15]. The electricity imports from South 
Africa became a relief to the Zimbabwean electricity crisis after about four months of 18-hour 
load shedding cycles that had crippled country’s industrial production and economic output. 
Recently, ZESA made an agreement with Eskom that it will be supplied with 350 MW on a 
non-firm contract basis during off-peak hours and 50 MW on a fixed contract basis during peak 
hours [16]. The estimated domestic peak hours are between 5 am to 10 am, and between 5 pm 
to 10 pm, while off-peak hours are between 10 am to 5 pm. ZESA will be able to manage to 
supply electricity during these off-peak hours. The supply of electricity to ZESA by Eskom 
was under certain conditions which includes, if Eskom is not experiencing load shedding and 
if it has a surplus electricity, which is generally during off-peak hours. The country’s power 
stations are currently generating less than 631 MW all four combined against a daily electricity 
peak demand of 1,600 MW in summer and 1,800 MW in winter [16]. Recently, the power 
generation capacity for Kariba hydroelectric plant is now below 200 MW from a peak of 750 
and also Hwange Thermal Power Station is now producing 421 MW [13]. Harare and 
Bulawayo power stations combined can only manage to supply a meagre of 34 MW due to old-
fashioned equipment constraints. This shows that even after importing 400 MW from Eskom, 




2.2.1. Transmission and Distribution 
The Zimbabwe Electricity Transmission and Distribution Company (ZETDC) is in control of 
the development, maintenance, and operation of the transmission lines and distribution 
network. The Zimbabwe transmission system comprises of 66 kV, 88 kV, 132 kV, 220 kV, 330 
kV, and 420 kV power lines and substations, with a total distance of more than 7,274 km. The 
country’s transmission and distribution have more than 119,784 km of distribution lines serving 
about 600,000 customers. With an objective to accomplish greater dependability in the 
distribution system, the Zimbabwe Electricity Transmission and Distribution Company 
(ZETDC) prepared some long term major plans to ensure that it will be able to meet future 
requirements [13]. Figure 2 shows the transmission and distribution network in Zimbabwe [11]. 
 
Figure 2: ‘Transmission and Distribution Network in Zimbabwe’ 
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2.3.   Overview of Micro-Grid Technology 
A micro-grid can be defined as a combination of a group of renewable energy sources (RES) 
and energy storage devices that can operate in a coordinated way or as a single unit by itself 
(that is, isolated from the main grid or connected to it) being controlled by a monitoring system. 
Micro-grids are mostly designed to provide power to a specific or targeted consumer [17]. 
When they operate isolated from the main grid, they are used in a way that they meet specific 
customer demand.  
Micro-grids can either operate on low-voltage or high-voltage. They are mainly located near 
the targeted areas. They can generate power from both or either conventional and renewable 
energy sources. Although, they are mainly electrical systems, micro-grids can also include 
thermal energy components, such as combining power and heat. Mainly, micro-grids are 
equipped with energy storage systems, such as batteries, flywheels, super capacitors, etc. The 
system can also be controlled through a micro-grid controller incorporating demand-response 
so that electrical demand can be corresponding to available supply in the safest and most 
optimized method [17]. As shown in Figure 3 [18], micro-grids can consist of wind turbines, 
photovoltaic (PV), generator and storage systems (battery) that can be used to generate and 
distribute power from a micro-grid while connected to a storage device. 
 
Figure 3: Micro-grid Concept 
The diesel generators can be connected to the micro-grid system as a backup power supply or 
as a steady power source working in hand with the renewable energy sources (RES). 
Comparing micro-grids to the main utility grids, micro-grids are smaller in size, normally sized 
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at megawatts. As the name suggests, micro-grids consist of micro sources such as wind 
turbines, PV solar, diesel generators, etc. to provide power depending on the demand load [19]. 
2.3.1. Mode of Operations of Micro-grids 
Micro-grids they operate in two types of modes namely - island mode and grid-connected 
mode. 
Island Mode:  In the island operation mode, the micro-grid is designed to function separately 
from the main distribution grid. In this mode, the micro-grid works independently from the 
grid. It targets the local demand by generating the required amount of energy without relying 
on the main distribution grid. In this mode, renewable sources such as solar PV and/or wind 
turbine can act as the main source of power [20]. 
Grid-Connected Mode: This type of micro-grid operates while connected to the distribution 
system, and it supplies energy to the main grid or gets energy from the grid. A micro-grid 
connects to the grid at a point of common coupling that maintains voltage at the same level as 
the main grid unless there is some sort of problem on the grid or other reasons to disconnect. 
A switch can separate the micro-grid from the main grid automatically or manually, and it then 
functions in an island mode [21]. 
2.3.2. Micro-grid Architecture 
The basic micro-grid system architecture is presented in Figure 1, which shows that micro-grid 
generally consists of distribution generation resources, storage systems, control, and 
communication system, and distribution systems. 
2.3.2.1. Distributed Generation Sources 
There are different types of distributed energy technologies applicable to a micro-grid system 
such as solar PV, wind turbines, biomass energy, diesel generator, micro-hydropower, etc. 
i. Solar Photovoltaic (PV) system 
The solar photovoltaic (PV) system is a type of technology that generates electricity by 
converting solar energy from sunlight into electricity. PV system consists of a number of PV 
cells that form arrays or panels. Commonly used PV cells are made up of silicon (Si) cells 
protected by layers of glass. The first-generation products of PV systems used the silicon 
particles as in microelectronics. The silicon PV cells are made up of a thin layer of silicon film 
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that is connected to the electric terminals. The exposure of these cells to the radiation of the 
sun generates an electric current. The improvements of inverter technologies have led to more 
use of PV generation worldwide [22]. Figure 4 [23] shows a solar PV system. 
 
Figure 4: A solar cell, solar panel and PV system 
Advantages of ‘PV System 
• Solar energy is a sustainable energy source. 
• Solar energy is quiet and visually unobtrusive 
• It has a positive environmental impact. 
Disadvantages of PV System 
• The capital cost of purchasing a solar PV system is fairly high. 
• The solar system depends on weather. 
• The energy storage system is expensive. 
• Solar panels they cover lot of space: The higher the electricity supply required, the more 
solar panels you will need, and more space required for the additional solar panels. 
 
ii. Wind Turbines 
A wind turbine is a type of energy conversion device that converts kinetic energy from the 
wind into electricity. Mechanical energy is converted into electrical energy in wind turbine 
generators. The tower, rotor, and nacelle are the main parts of a wind turbine. The nacelle works 
as a mechanical transmission and generator. The wind turbine uses the kinetic energy it 
captures from the wind movement through its rotor blades and the energy is then transferred to 
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the induction generator via gearbox. The generator shaft driven by the wind turbine is 
responsible for generating electric power. Based on the design, wind turbines can be classified 
as vertical axis or horizontal axis as shown in Figure 5 [22], [24]. 
 
Figure 5: Horizontal and vertical wind turbine designs  
Advantages of Wind Turbine system 
• Wind is a free and unlimited renewable energy source. 
• Wind flow occurs naturally, and the use of wind motion energy does not affect wind 
currents or wind cycles in any way. 
• Wind energy is environmentally friendly. 
• Wind energy reduces greenhouse effect. 
Disadvantages of Wind Turbine System  
• Wind does not always blow in the expected time where electricity is needed. 
• The wind is alternating in nature. 
• Wind cannot be controlled to meet the timing if energy demands [25]. 
 
iii. Biomass Energy 
Biomass is defined as organic, that is it is made up of materials that come from living 
organisms, such as animals and plants. The biomass materials that are used for energy 
production. Biomass energy can also be considered as a non-renewable energy source [26].  
Biomass materials are converted into energy through the following stages: 
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• The plants store the energy that comes from the sun. ‘When the plants are cut or 
decompose, straws, wood chips, and other plant substances are delivered to a holding 
container. 
• These materials are burned to heat up water in a boiler to produce steam. 
• Through the pipes the power from the steam is directed to turbines. 
• The steam power will turn blades in the turbine and generators, which comprises of 
magnets and coils. 
• The electricity is produced by the charged magnetic fields inside the generator and then 
it will be sent via cable to consumers. 
Another way to convert biomass materials into electrical energy is known as decomposition. 
Decomposition: The process for decomposition occurs when materials such as animal waste, 
human waste, dead animals, and garbage that can decay and release a gas called biogas. A 
machine called micro turbine is used to capture methane and converted 'into electricity. 
Anaerobic digester can also be used to convert animal waste into methane gas [27]. 
Advantages of Biomass Energy: 
• As humans and animals always producing the messy stuff, therefore, animal and human 
waste are always available. 
• Using waste for energy reduces the amount of waste that ends up in a landfill. 
• Anyone could produce biomass energy, reducing the need for centralised power. 
Disadvantages of ‘Biomass Energy: 
• The releases of carbon dioxide from the process needs to be supervised so it doesn’t 
exceed the allowed limit. 
• It’s not entirely clean – The use of human and animal waste increases the amount of 
methane gases that smell bad. 
• In order to mass produce biomass, it requires an extensive and expensive irrigation 
infrastructure. 
 
iv. Diesel Generator 
Diesel generator basically operates at a constant speed and provides constant power to an 
electric load during a certain period. Diesel engine is usually known with a four-stroke piston 
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driven internal combustion engine. The electric power is generated when the engine is 
connected to a constant speed alternating current generator. In order to maintain constant 
engine speed, a regulator is used to regulate the fuel flow rate to maintain desired engine 
operations [25].  
Advantages of Diesel Generator: 
• The new recent designs of diesel engines are now quiet, and they require less 
maintenance compared to old gas engines models of the same size which were noise 
and had higher maintenance cost. 
• The new diesel engines model is now designed with the absence of sparkplugs as the 
fuel auto-ignites hence it drops maintenance cost. 
• In Zimbabwe, diesel-powered generators are cheaper to use since petrol is more 
expensive than diesel. 
Disadvantages of Diesel Generator: 
• Servicing and repairing of a diesel engine can be expensive since diesel engines are 
made up of heavy and large components.  
• Diesel engines produce more emissions compared to petrol engines while in operation 
therefore, there considered less environmentally friendly. 
• Diesel engines have high noise level compared to petrol engines but some models now 
come with insulated (soundproof) casing. 
 
2.3.2.2. Energy Storage System 
Energy storage devices are used to store electrical energy.  They can be used to store energy 
when the power system has surplus energy supply, and they can deliver energy during the 
period when there is high energy demand. An energy storage system can provide balance to 
the energy demand and short-term power supply by supplementing the power when the power 
supplied is below the required demand. When a different load demand becomes operational, it 
can cause a slight change in the power system’s frequency. In case of such changes, these 
storage systems will act as new AC voltage sources. The power generation sources (e.g. wind 
and solar) have some disadvantages as stated in Section 2.3.2.1. Therefore, they require storage 
systems as a backup to ensure continuous power supply. The most used technologies for storage 
systems are battery energy storage, flywheels, and super capacitors [22].  
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An energy storage system can be classified into three different groups as follows: 
1) In the first group, the energy storage system can draw electric energy from the grid 
or a distributed generation, then store the energy for a period and re-inject the energy 
back into the grid when needed. Batteries, flywheel, pumped hydroelectric and 
compressed air are examples of this type of storage system [28]. 
2) In the second group, the energy storage system is capable of withdrawing the 
electrical energy from the grid or a distributed generation and just store the energy. 
However, they don’t inject the electrical energy back into the grid, rather the stored 
energy is used to cater for the electricity demand of their host facility later. Examples 
of this type of storage system include heat storage or ice production for space heating 
or cooling, residential needs [28]. 
3) In the last group, the storage system withdraws the electric energy from the main grid 
and converts it into a storable form of energy or fuel that can be used in an industrial, 
residential, or commercial process or to act as a secondary form of energy. Examples 
of this type of storage system include steam production, fuel production, and electric 
vehicles [28]. 
 
2.3.2.3. Control and Communication System 
The communication systems are important for power control and protection of the system. The 
communication methods that are mainly used are Global System for Mobile (GSM) 
Communication (GSM), power-line carrier, and broad-band over power line [22]. Local micro-
source controller and central controllers are the types of controllers that are used for the 
operation and management of micro-grids. 
Micro-source controller: In case of any changes or load changes, micro-source controllers are 
responsible for controlling the load-end voltage profile and the power flow of the micro-source 
independently. They work independently without communicating with the central controllers. 
By monitoring the storage devices, micro-source controllers can also be used for demand 
management, load management, and for economic generation scheduling. With the support of 
central controllers, it ensures that each micro-source can quickly picks-up its generation to 
supply its power contribution of the load-isolated mode, and it automatically returns to the grid-
connected mode. Micro-source controllers also enable the micro-sources to function as an 
automated device and accommodate the addition of a new micro-sources at any instant without 
affecting the protection and control systems [29]. 
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Central controllers: Through the micro-source controllers, the central controller works as the 
major controller of the micro-grid operation and protection. The major operation of central 
controllers is to maintain specified frequency and voltage at the load end through power 
frequency and voltage control and to ensure energy optimization for the micro-grid. Central 
controllers are designed to function in automatic mode with help of manual intervention if 
necessary. There are two main function modules of central controllers, which are the protection 
co-ordination module and the energy management module. The protection co-ordination 
module ensures correction protection co-ordination of the micro-grid by responding to micro-
grid and main grid errors and loss of grid cases. The guidelines for reactive and active power 
output, frequency, and voltage for each micro-source controller is provided by energy 
management modules [29]. This function is coordinated through local communication network 
[30]. 
2.3.3. Types of Micro-grids 
Micro-grids are classified based on source, scenario, size, and mode of operation. Micro-grids 
can be classified into DC micro-grid, AC micro-grid, and hybrid AC/DC micro-grid depending 
on their operational frequency.  
DC Micro-grid – The energy distribution for this micro-grid is DC, which is mostly based on 
Photovoltaic (PV solar) generation, wind generation, fuel cells, and stationary batteries. The 
DC micro-grid has more advantages than other types of micro-grids because it can provide 
significant energy savings (through energy storage applications) by reducing the number of 
converters inside the micro-grid system [31]. As shown in Figure 6 [32], a DC micro-grid has 
a DC bus that feeds DC loads coupled to it. 
In this structure, the DC sources are connected to the DC bus directly and sources with’ AC 





Figure 6: DC micro-grid Structure 
AC Micro-grid – In this type of micro-grid, all energy distribution sources are connected to the 
same AC bus including the energy storage, which will be connected to the AC bus via inverters. 
The advantage of an AC micro-grid over other micro-grids is that it consists of a low voltage 
AC distribution network. Even though literature study shows that most research work focuses 
most on AC micro-grids, it does have some disadvantages such as the complexity in control 
and synchronization issues [33]. For an AC micro-grid, the distribution network is connected 
via an AC bus as shown in Figure 7 [34]. The micro-grid connection is controlled by the AC 
bus. 
The PCC (point of common coupling) acts as a circuit breaker that disconnects the micro-grid 
connection from the ‘distribution network. Other DC output sources are connected to the AC 





Figure 7: AC micro-grid structure 
AC/DC (Hybrid) Micro-grid – This micro-grid is when AC and DC sources and loads are 
coupled to the corresponding AC and DC networks; that is, it allows the connection of variable 
AC and DC sources and their respective loads at the same time. As the hybrid name suggests 
hybrid micro-grids consist of both AC and DC networks connected by a multi-bidirectional 
converter. A hybrid system can reduce the number of DC-AC-DC and AC-DC-AC adaptations 
in separate AC or ‘DC micro-grids. In this set up, AC sources and loads are connected to the 
AC network, and DC sources and loads are connected to the DC network as shown in Figure 8 
[36].  
 
Figure 8: Hybrid AC-DC’ micro-grid structure 
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The model of a hybrid AC-DC micro-grids is usually classified into AC-coupled, DC-coupled 
and AC-DC coupled. Figure 8 [37] shows an AC-DC coupled hybrid micro-grid, in which 
distribution generators and storage elements are coupled to both DC and AC buses. The AC 
and DC buses are connected by interlinking converters [37]. 
2.3.4. Technical Benefits of Micro-grids on the Distribution System 
The technical benefits of micro-grids are stated as follows: 
Power quality: There are two classes of energy quality that are important, which are compatible 
with changes that happen on the power generation system voltage variations and transient 
voltage variations. On the neighbourhood control network, micro-grid units can possibly bring 
undesirable transient voltage variations [38]. The improvement of power quality and reliability 
can be attained by matching of supply and demand, decentralisation of supply and minimisation 
of stoppages, and improvement of restoration procedure through black start operations of 
micro-sources [29]. 
Network voltage changes and system regulation: Each energy distribution system must supply 
its consumers’ power at a voltage that is inside a predetermined breaking point. This guideline 
gives the plan and cost of the distribution circuit so that throughout the power generation 
period, the process to meet the required voltage of the client is designed to produce the highest 
utilization of distribution circuit [39]. 
Stability: The target for energy generation sources combined is to produce control on the 
sustainable power sources. In cases where a fault may happen in the system that can affect the 
system voltage, the control systems in the micro-grids will address the issue to ensure that the 
system condition is re-established, and therefore, restarts the system [39]. 
2.3.5. Economic and Environmental Advantages of Micro-grid 
Environmental benefits: Through the integration of low emission generating technologies, 
micro-grids can reduce the environmental effect, by improving the overall energy efficiency 
by using renewable energy sources as major energy production resources. The production of 
electricity close to the point of demand can reduce the electrical system losses and the 
emissions related to those losses. Micro-grids can enable the use of waste heat released by 
some generating units, which successfully doubles the productivity of primary energy use and 
can result in reduction of thermal energy supplied from on-site boilers [40]. In a simpler way, 
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micro-grids have a lesser impact on the environment compared to large conventional thermal 
power stations which mostly depend on high carbon emission resources.  
Other environmental benefits of micro-grids include the following: 
- The reduction of gas emissions due to monitoring of the combustion process may help 
fight global warming. 
- Micro-grids offer the opportunity to set up more zero-emission electricity sources, in 
that way reduces greenhouse gas emissions  
Economic benefits: The increase in the development of micro-grids is due to its direct 
economic benefits. Micro-grids have the capability to optimise the production and the 
consumption of electric power, and thermal energy in different sites, loads, and generation 
sources. Micro-grids offer knowledge of matching varied multiple building loads and 
generation outlines into the systems that can significantly increase energy efficiency through 
the diversification of energy sources. Depending on the energy generating technologies being 
used, micro-grid customers can benefit from cheap overall energy cost in different ways 
including reduced purchases of grid-sourced electricity and utility transmission, and 
distribution services, and reduced fuel prices for on-site thermal energy supply [40]. Micro-
grids can bring accessibility of electricity to remote areas which can result in improvement in 
business activities in the community that can lead to better standard of living of societies. 
2.4.   Rural Electrification  
Due to the fast growth of the world’s population and their electricity demands or expectations, 
fossil fuel usage is rapidly increasing. The fossil fuels are depleting in the reserves at a high 
rate. The shortage of conventional energy supplies such as coal and un-controlled usage of 
natural resources have led to deforestation and scarcity of such resources in most parts of the 
world. High unemployment rate and lack of basic facilities (for example, electricity) in remote 
rural areas have led to massive urban migration and created over population in the urban areas, 
which is affecting the socio-economic growth of the country [41]. Transmission grid extension 
to such remote areas is expensive due to difficult and uneven environments. Renewable energy 
sources can be a good recommendation for such remote areas to meet the energy demand of 
their businesses and residential areas.  
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Rural electrification can be defined as the idea of bringing electricity to rural areas. Due to lake 
of electricity supply from the national grid, most rural communities are suffering from 
substantial market failures because of the absence of electricity in their communities [42]. 
2.4.1. Benefits of Rural Electrification 
The introduction of rural electrification has accompanying benefits such as increase in 
economic growth and development, employment, social advancements, etc. 
Economic growth and development - The most significant potential for economic 
development through rural electrification is in its productive uses in agriculture and industrial 
sector. The agricultural sector can rely on electricity in three main ways namely irrigation, 
processing, and production. The industrial sector in rural areas can improve by means of 
improvement of rural business by extending the working day through lighting and an increase 
in production through the introduction or use of machines [43].  
Employment Generation – Many studies have shown that introduction of electricity in rural 
areas can improve employment opportunities. The increase in activities in agricultural and 
industrial sector due to use of electricity can raise employment opportunities [44]. 
Social benefits - The most important social benefits on the local level are lighting, and on a 
community level education, health, and security [43]. 
2.5.   Conclusion 
In this chapter, an overview of the literature study on micro-grids was presented. Firstly, details 
on the electricity structure of Zimbabwe generation, transmission and distribution, and their 
difficulties were presented. The following section presented an overview of micro-grid 
technology, modes and types of micro-grids, and also the types of renewable resources that can 
be used in a micro-grid architecture. Finally, a detailed explanation of what rural electrification 
is and how it benefits the society was given.  
The following chapter will outline the research methodology. It would give a detailed 





3. CHAPTER 3: RESEARCH METHODOLOGY 
3.1.  Introduction 
This chapter will provide a discussion on the approaches that were followed on the conducted 
research. These approaches can be defined as procedures and plans that extends the phases 
from broad assumptions to an in-depth procedure of analysis, data collection, and evaluation. 
Thus, these plans involve the best approach that can be used based on the research topic, and 
nature of the research problem. Based on the nature of the research problem, mixed methods 
research was used because it incorporates elements of both quantitative and qualitative 
approaches. 
3.2.  Methodological Approach 
The proposed methodology for this study has the goal of determining the most appropriate 
micro-grid configuration that is both reliable and economic for the chosen location considering 
the Levelized Cost of Electricity (LCOE). The configuration of a micro-grid can be determined 
by its islanding status, the percentage of storage, and the percentage of microgeneration. For a 
remote location, the micro-grid is isolated therefore, its islanding status can be permanent or 
integrated into national grid if applicable relative to cost consideration, and possibility for a 
hundred percent auto-generation [45]. 
The methodology that was chosen for this research is mathematical sizing of a micro-grid to 
decide a certain topology that is equivalent or suitable for a specific site. Therefore, it includes 
deciding on the most beneficial generator types, figuring out the variety of energy generating 
resources, and the amount of electricity storage required. The accomplishment of the proposed 
topology and sizing was based on comparing possible alternatives of the design variables using 
economic or financial metrics. The method is based on the case study model of Kagoro village, 
Mhondoro, Zimbabwe. 
Three stages were followed as shown in Figure 9 in order to select the optimal topology for the 




Figure 9: Approach for Research Methodology 
The resource assessment provides in detail the basics of the first steps on how data on energy 
resources, social behaviour, and climate conditions were collected, and how the collected data 
were used to select the best energy generating resources. The technical assessment provided 
details of the power model of electricity generation based on the resource assessments. The 
financial assessment segment determines the optimal financial model based on the findings 
from the technical assessment and resources. Based on the outcomes of the three stages, the 
optimal model for the case study was determined. 
3.2.1. Resource Assessments 
 The resource assessment allowed us to approximate the qualities, quantities and common 
abilities of the resource in terms of extractable and available energy. The predominant available 
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energy resources in the case study are wind and solar resources. These resources were 
investigated individually in order to determine their potential as an energy source for the 
proposed micro-grid, and their potential Cost of Electricity (COE).  
3.2.1.1. Solar 
The solar resource assessment was established from the collected data of the study area from 
its meteorological yearly data. The solar radiation data was collected from the National 
Renewable Energy Laboratory (NREL) database that is in HOMER [46], and was used to 
assess and analyse daily, hourly, and yearly solar irradiation averages.  There was difficult in 
collecting solar irradiation data from the Meteorological Services Department of Zimbabwe 
because the area is remote and is not in their coverage. Therefore, the data that was used for 
solar irradiation was collected from the National Renewable Energy Lab (NREL) database that 
is in HOMER. Factors such as solar radiation, PV cell temperature and PV panel size have 
effects on the electrical power generation of solar panels. Therefore, energy output from PV 
modules are dependent upon these factors. The PV module power output 𝑃𝑃𝑃𝑃𝑃𝑃  used in HOMER 
can be expressed as in (1) [47]: 
 𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑓𝑓𝑃𝑃𝑃𝑃𝑉𝑉𝑃𝑃𝑃𝑃
𝐼𝐼𝑇𝑇
𝐼𝐼𝑆𝑆
  (1) 
where: 
𝑓𝑓𝑃𝑃𝑃𝑃 – PV panel Derating,  
𝑉𝑉𝑃𝑃𝑃𝑃 - PV array rated capacity measured in kW,  
𝐼𝐼𝑇𝑇  - Global solar radiation incident on the surface of PV array measured in kW/m2,   
𝐼𝐼𝑆𝑆 – Standard amount of radiation that is used to rate the capacity of PV array measured 
at 1kW/m2.  
In order to calculate the extractable energy or generated power 𝑃𝑃𝐺𝐺𝑃𝑃 from a PV panel, the 
expression in (2) obtained from [48] was used: 
 𝑃𝑃𝐺𝐺𝑃𝑃 = 𝐸𝐸𝑎𝑎𝑎𝑎𝐴𝐴𝐶𝐶𝑝𝑝ℎ𝑑𝑑𝑎𝑎𝑑𝑑 (2) 
where:  
𝑃𝑃𝐺𝐺𝑃𝑃 – Generated power,  
𝐸𝐸𝑎𝑎𝑎𝑎 – Available energy,  
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𝐴𝐴  – Area of the PV solar cells,  
𝐶𝐶𝑝𝑝 – PV module efficiency,  
ℎ𝑑𝑑𝑎𝑎𝑑𝑑 – Day light hours.  
3.2.1.2.Wind  
The wind resource assessment considered data that was based on the chosen study location. In 
order to analyse wind power potential at a given location study area, different wind 
characteristics such as wind direction, wind speed, and its continuity or occurrences should be 
considered. For an exact or better feasibility study of how the wind turbine grid should be 
designed, there is a need to have initial estimates of wind characteristics [49]. To calculate the 
total energy available in a wind energy system factors such as wind speed, the density of the 
air (air temperature and altitude), and cross-sectional area of capture perpendicular to the 
ground (Earth’s surface) are also essential [50]. The power 𝑃𝑃𝑊𝑊𝑊𝑊 available in the wind resource 
is presented in (3) [51] [52]: 
 𝑃𝑃𝑊𝑊𝑊𝑊 = 0.5𝐴𝐴𝐴𝐴𝑉𝑉3𝐶𝐶𝑝𝑝 (3) 
where:  
𝐴𝐴 – rotor swept area in m2,  
𝐴𝐴 – air density in kg/m3,  
𝑉𝑉3 – average wind velocity (m/s),  
𝐶𝐶𝑝𝑝 – power coefficient as a ratio of rotor mechanical speed and tip-speed rotor.  
Furthermore, the average wind speed distribution was a major parameter that was used to 
determine the available energy in the wind energy system. The wind data for the study area 
was obtained from NASA surface mereology through HOMER software [46]. There was 
difficulty in getting wind speed data from the Meteorological Services Department of 
Zimbabwe because this area is remote, and it is not in their coverage. Therefore, the data that 






3.2.2. Technical Assessments 
 The technical assessment is responsible for evaluating and analysing electrical power 
generation for the study area while considering the environmental impact of each energy 
generating resource. The suitable energy sources that are analysed in this section are based on 
the electric load (targeted demand) of the study area and the energy sources with less 
environmental impact were favoured. The data necessary for the assessment were drawn from 
the environmental findings of the area and resource assessments. The modelling of the system 
was a result of an assessment and evaluation of renewable energy systems (RES) with a backup 
generator to allow the system to be self-dependent for power generation in isolate applications 
where the energy sources contribute partly. Through this system modelling it can be able to 
decide the most suitable system set-up for the study area. 
In order to design a suitable system, there were different variables that needed to be examined 
and certain technical constraints that needed to be considered. The technical evaluation of 
individual renewable energy resource can determine the factors that have a possible effect on 
the renewable energy technology.  The electromagnetic interference and protection of air traffic 
control were considered as technical considerations for wind turbine system [53]. The site 
location for solar PV arrays should be areas with less shade obstruction in order to maximise 
directs sunlight to PV arrays, these were the technical considerations for solar system. The 
system technical constraints which were considered are power generation and minimum power 
needs. For example, considering a micro-grid system that relies on a wind-turbine system as 
power generation source in areas with climate with more windless days the system will not 
viable that is it will affect power generation of the system. The power generation resources that 
were used include solar PV, wind turbines, and back-up generators. The sizing methodology 
proposed was modelled using the HOMER optimisation software. Through this modelling an 
assessment of the energy system that determined the most important economic factors that 
included Net Present Cost (NPC) and Levelized Cost of Electricity (LCOE) was done. By 
considering these two economic factors (NPC and COE), a system with the least Levelized cost 
of electricity (LCOE) and net present cost (NPC) was selected. 
HOMER (Hybrid Optimization of Multiple Electric Renewables) is the micro-grid power 
optimization model created by NREL. It evaluates the physical design of both grid-connected 
and off-grid power systems by modelling their physical interactions and the life-cycle cost 





• Sensitivity analysis 
The simulation operates by calculating energy balance in each time period of the year and it 
also determines the system’s life-cycle cost. The energy balance calculations were based on 
any type of consideration for each system configuration. The optimization simulates each 
system configuration with different system set-ups so that it can compare system design options 
and it will enable you to find the system with the least life-cycle cost (LCC). Sensitivity 
analysis repeats the optimization process based on the defined sensitivity variables that were 
stated as input uncertainties [46]. The relationship between the three steps simulation, 
optimization and sensitivity analysis is shown in Figure 10 [46]. 
 
Figure 10: ‘Relationship between Simulation, Optimization, and Sensitivity analysis 
3.2.2.1. Power Model 
By considering the resource technologies, the mathematical modelling of hybrid energy system 
components are presented. Based on each design configuration, power modelling was able to 
define the number of energy generating resources and storage system devices required for the 
design. 
1) Demand 
The power consumption of a rural power system can be estimated based on the electrical 
appliances that are owned in each home. The measurement of demand is defined by both energy 
and power. The total energy consumed 𝐸𝐸𝑇𝑇 by each house household can be calculated using 
(4) [54]: 
 
𝐸𝐸𝑇𝑇 =  �𝑚𝑚𝑃𝑃𝑘𝑘𝑇𝑇𝑘𝑘
𝑁𝑁
𝑘𝑘=1




where m is the total number of appliance k in use with power rating 𝑃𝑃𝑘𝑘 and for a duration 𝑇𝑇𝑘𝑘 
for the appliance k. Therefore, the total power consumption of each household is the sum of 
individual power consumption of each appliance. From the calculated total energy consumed 





where 𝑇𝑇𝑠𝑠 is the total usage time per day in hours. Therefore, the mathematical model of the 
total power demand 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑑𝑑  for the study area is calculated by using (6) and (7): 
 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑑𝑑 = (𝑃𝑃ℎ ∗ 𝑁𝑁ℎ) + (𝑃𝑃𝑠𝑠ℎ ∗ 𝑁𝑁𝑠𝑠ℎ) (6) 
 
 𝐸𝐸𝑑𝑑 = 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑑𝑑𝑇𝑇𝑠𝑠 (7) 
Where: 𝑃𝑃ℎ - Power per household 
 𝑁𝑁ℎ - Number of households 
 𝑃𝑃𝑠𝑠ℎ- Power per shop 
 𝑁𝑁𝑠𝑠ℎ- Number of shops 
 𝐸𝐸𝑑𝑑- Daily energy demand 
𝑇𝑇𝑠𝑠 - the total usage time per day in hours. 
The total energy and power consumed per shop were calculated using (4) and (5) respectively. 
2) Solar 
Solar irradiance is measured in sun hours, that is, it is measured as the amount of energy per 
square meter per in line with day and equal to the average global daily irradiance [55]. For 
solar modelling and sizing, the average number of sun hours per day of the worst month was 
used. The solar panels are installed at a certain optimal tilt angle, which is directly proportional 
to the latitude of the site and is calculated using (8) [56]: 
 𝛽𝛽 = 3.7 + 0.69|𝜃𝜃| (8) 
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where 𝛽𝛽 is the optimal tilt angle, and 𝜃𝜃 is the latitude of the site. Therefore, the mathematical 
model for solar radiation on tilted surface is based on an hourly output energy 𝐸𝐸𝑃𝑃𝑃𝑃, which is 
calculated with the following equation presented in (9) [57]: 
 𝐸𝐸𝑃𝑃𝑃𝑃 = 𝐺𝐺(𝑡𝑡) ∗ 𝐴𝐴 ∗ 𝑃𝑃 ∗ 𝜂𝜂𝑃𝑃𝑃𝑃 (9) 
where 𝐺𝐺(𝑡𝑡)- the hourly irradiance in kWh/m2 
 𝐴𝐴 - the surface area of the solar panel in m2 
 𝑃𝑃 - the solar PV penetration level factor 
 𝜂𝜂𝑃𝑃𝑃𝑃 - the solar PV efficiency  
Note that the temperature effects on the solar PV cells are ignored. The mathematical model to 
calculate the number of PV panels 𝑁𝑁𝑃𝑃𝑃𝑃 needed to meet daily demand can be approximated 
using (10) [58]: 
 





where 𝑓𝑓𝑜𝑜,𝑠𝑠 - the solar PV oversupply factor 
 𝜂𝜂𝑃𝑃𝑃𝑃 - the solar PV efficiency 
 𝐻𝐻𝑡𝑡𝑑𝑑𝑑𝑑𝑡𝑡 - the global irradiance on the tilled plane 
 𝑃𝑃𝐷𝐷𝑜𝑜𝑑𝑑  - the derated array power output 
The derated array power output 𝑃𝑃𝐷𝐷𝑜𝑜𝑑𝑑 is given by (11) from [59]: 
 𝑃𝑃𝐷𝐷𝑜𝑜𝑑𝑑 = 𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠 ∗ 𝑓𝑓𝐷𝐷𝑎𝑎𝐷𝐷 ∗ 𝑓𝑓𝑡𝑡𝐷𝐷𝐷𝐷𝑝𝑝 ∗ 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 (11) 
where 𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠 is the rated array power output, 𝑓𝑓𝐷𝐷𝑎𝑎𝐷𝐷 is the manufacturing tolerance derating factor, 
𝑓𝑓𝑡𝑡𝐷𝐷𝐷𝐷𝑝𝑝 is the cell temperature derating factor, and 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 is the surface soiling derating factor. 
3) Wind 
Wind energy generation was predicted on constant and sufficient wind energy density, which 
was derived from the wind power classification system. The wind power classification system 
helped by determining whether the area was suitable for wind energy application or not 
suitable. For example, areas with wind power class 3 resources, and above are considered to 
be the most suitable, whereas areas with less power demand such as in rural areas can be 
suitable for wind power application with wind power class greater than 1 resources [52]. The 
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mathematical model for wind power generation 𝑃𝑃𝑊𝑊𝑊𝑊 is given in (3) for resource assessment. 
Therefore, the hourly wind energy generated 𝐸𝐸𝑊𝑊𝑊𝑊(𝑡𝑡) by wind turbine was defined by (12) as 
stated by [52]: 
 𝐸𝐸𝑊𝑊𝑊𝑊(𝑡𝑡) = 𝑃𝑃𝑊𝑊𝑊𝑊 ∗ 𝑇𝑇𝑠𝑠 (12) 
where, 𝑇𝑇𝑠𝑠 is the time of operation in hours. The approximate number of wind turbines needed 







where, 𝑓𝑓𝑜𝑜,𝑤𝑤 is the oversupply factor for wind turbines, and 𝑁𝑁𝑊𝑊 is the number of wind turbines 
needed. 
4) Generator 
The mathematical model for the hourly energy generated 𝐸𝐸𝐷𝐷𝐺𝐺 by the diesel generator as shown 
in (14): 
 𝐸𝐸𝐷𝐷𝐺𝐺(𝑡𝑡) = 𝑃𝑃𝐷𝐷𝐺𝐺𝜂𝜂𝐷𝐷𝐺𝐺  (14) 
where 𝑃𝑃𝐷𝐷𝐺𝐺- the rated power output of the diesel generator 
 𝜂𝜂𝐷𝐷𝐺𝐺- the diesel generator efficiency 
HOMER assumes that the efficiency of the device is between 80% and 100% of its rated power. 
5) Converters (rectifier and Inverter) 
Converters such as a rectifier and an inverter are types of devices that convert electrical energy 
between AC and DC. An inverter is a type of electronic device that changes DC to AC and a 
rectifier is a type of electronic device that converts AC into DC. Both inverters and converters 
are needed because PV and batteries generates DC electricity therefore, it requires the inverter 
model. Also, the wind turbines and diesel generator generate AC electricity therefore, requires 
a rectifier model. The mathematical model for the inverter is shown in (15) and (16) [57]: 
 𝐸𝐸𝐼𝐼𝑁𝑁𝑃𝑃−𝑃𝑃𝑃𝑃(𝑡𝑡) = 𝐸𝐸𝑃𝑃𝑃𝑃(𝑡𝑡) ∗ 𝜂𝜂𝐼𝐼𝑁𝑁𝑃𝑃 (15) 
where 𝐸𝐸𝐼𝐼𝑁𝑁𝑃𝑃−𝑃𝑃𝑃𝑃(𝑡𝑡)- the hourly energy output by the inverter in terms of solar PV module (kWh) 
 𝜂𝜂𝐼𝐼𝑁𝑁𝑃𝑃- the efficiency of the inverter 
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 𝐸𝐸𝑃𝑃𝑃𝑃(𝑡𝑡) – the energy output of solar PV modules (kWh) 
 
𝐸𝐸𝐼𝐼𝑁𝑁𝑃𝑃−𝐵𝐵𝑇𝑇(𝑡𝑡) =




where 𝐸𝐸𝐼𝐼𝑁𝑁𝑃𝑃−𝐵𝐵𝑇𝑇(𝑡𝑡)- the hourly energy output by the inverter in terms of battery (kWh) 
 𝐸𝐸𝐵𝐵𝑇𝑇(𝑡𝑡 − 1)- the energy stored in the battery at time (t-1) measured in kWh 
 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷- the hourly energy consumed by the load measured in kWh 
 𝜂𝜂𝐵𝐵𝑇𝑇−𝐷𝐷𝐼𝐼𝑆𝑆- the battery discharge efficiency  
The mathematical model for rectifier model is shown in (17) and (18). 
 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝐸𝐸𝑃𝑃𝑃𝑃(𝑡𝑡) + 𝐸𝐸𝐷𝐷𝐺𝐺(𝑡𝑡) + 𝐸𝐸𝑊𝑊𝑊𝑊 − 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷 =  𝐸𝐸𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇−𝐼𝐼𝑁𝑁(𝑡𝑡) (17) 
   
 𝐸𝐸𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇−𝐿𝐿𝑆𝑆𝑇𝑇(𝑡𝑡) = 𝐸𝐸𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇−𝐼𝐼𝑁𝑁 ∗ 𝜂𝜂𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇 (18) 
where 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)- the amount of surplus energy from all AC sources measured in kWh 
 𝐸𝐸𝑃𝑃𝑃𝑃(𝑡𝑡) – the hourly energy output of solar PV modules (kWh) 
 𝐸𝐸𝑊𝑊𝑊𝑊(𝑡𝑡) – the hourly energy output of wind turbine (kWh) 
 𝐸𝐸𝐷𝐷𝐺𝐺(𝑡𝑡) – the hourly energy output of diesel generator (kWh) 
 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷 - the hourly energy consumed by the load measured in kWh 
 𝐸𝐸𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇−𝐼𝐼𝑁𝑁(𝑡𝑡) - the hourly energy rectifier input measured in kWh 
 𝐸𝐸𝑆𝑆𝑊𝑊𝑅𝑅𝑇𝑇−𝐿𝐿𝑆𝑆𝑇𝑇(𝑡𝑡) - the hourly energy rectifier output measured in kWh 
6) Storage system (battery storage) 





where 𝑉𝑉𝑑𝑑𝑠𝑠 is the distribution voltage, 𝑇𝑇𝑎𝑎𝑎𝑎𝑡𝑡 is the maximum days of autonomy, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑥𝑥 is the 
maximum battery depth of discharge which is defined in (20), given that d is the ratio of the 
minimum allowable state of charge voltage limit to the maximum voltage [60]. 




The mathematical model of battery state of charge is defined in (21), and it is defined as the 
sum of the daily charging and discharging: 
 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡) = 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡 − 1) ∗ 𝐸𝐸𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂(𝑡𝑡) ∗ 𝜂𝜂𝑅𝑅𝐶𝐶𝐺𝐺  (21) 
where 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡) - the energy stored in the battery at time t in kWh 
 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡 − 1) - the energy stored in the battery at time (t-1) in kWh 
 𝐸𝐸𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂  - the hourly energy output from the charge controller at time t in kWh 
 𝜂𝜂𝑅𝑅𝐶𝐶𝐺𝐺  – the battery charging efficiency 
The mathematical model of discharging state of battery is defined by (22) when the generators 
outputs are lesser than the load demand [57]: 
 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡) = 𝐸𝐸𝐵𝐵𝐿𝐿𝑇𝑇(𝑡𝑡 − 1) − 𝐸𝐸𝑑𝑑𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑑𝑑(𝑡𝑡) (22) 
where 𝐸𝐸𝑑𝑑𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑑𝑑(𝑡𝑡) is the hourly energy needed by the load in kWh.  
To approximate the number of batteries needed 𝑁𝑁𝐵𝐵𝐿𝐿𝑇𝑇 can be calculated using (23) and the 
number will be rounded up to the nearest integer: 




where 𝐶𝐶𝑥𝑥 is the battery bank capacity, and 𝐶𝐶𝐵𝐵𝐿𝐿𝑇𝑇 is the capacity of individual battery. 
The total hybrid power generated is modelled in HOMER by summing the power generated by 













where 𝑁𝑁𝑃𝑃𝑃𝑃 – number of solar PV modules 
 𝑁𝑁𝑊𝑊 - number of wind turbines 




3.2.3. Financial Assessment 
 The financial assessment will follow two proposed financial models. The first model will 
determine the minimum cost of electricity (COE) for each consumer by using the Levelized 
Cost of Electricity (LCOE). The second model will determine the annual life cycle cost of the 
system by considering the capital recovery factor (CRF) for the system. 
The mathematical model of the first model is defined in equation (25) [46].  
 
𝐿𝐿𝐶𝐶𝐷𝐷𝐸𝐸 =




where the total energy produced is as defined in (7) and the total net present cost (NPC) is 
given by (26): 
 𝑁𝑁𝑁𝑁𝑡𝑡 𝑃𝑃𝑃𝑃𝑁𝑁𝑃𝑃𝑁𝑁𝑃𝑃𝑡𝑡 𝐶𝐶𝑇𝑇𝑃𝑃𝑡𝑡 = � [𝐼𝐼𝑘𝑘
𝑘𝑘=𝑠𝑠,𝑤𝑤,𝑔𝑔,𝑏𝑏
− (𝑆𝑆𝑃𝑃𝑘𝑘 + 𝐷𝐷𝑂𝑂𝑃𝑃𝑘𝑘)] (26) 
where s – solar 
 𝑤𝑤 – wind 
 𝐸𝐸 – diesel generator 
 𝑏𝑏 – battery 
 𝐼𝐼𝑘𝑘 – Initial cost for 𝑘𝑘 system components 
 𝑆𝑆𝑃𝑃𝑘𝑘 – present value of salvage value 𝑘𝑘 system components 
 𝐷𝐷𝑂𝑂𝑃𝑃𝑘𝑘 – present value of maintenance and operation cost of 𝑘𝑘 system components 
The calculated LCOE in (25) will help to determine the minimum price per unit energy that 
can be used to charge the consumer per kWh of energy. 
In order to define the mathematical model of the second proposed model it requires the total 

















where 𝐶𝐶𝑃𝑃𝑃𝑃 is the capital cost of energy generated from solar PV modules, 𝐶𝐶𝑤𝑤 is the capital cost 
of energy generated from wind turbines, 𝐶𝐶𝐷𝐷𝐺𝐺 is the capital cost of energy generated from diesel 
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generators, 𝐶𝐶𝐵𝐵𝑎𝑎𝑡𝑡 is the capital cost of energy generated from battery bank and 𝐶𝐶𝑓𝑓 is the fixed 
cost of converters and for installations. 
 








where 𝐶𝐶𝐿𝐿𝑃𝑃𝑃𝑃, 𝐶𝐶𝐿𝐿𝑊𝑊, 𝐶𝐶𝐿𝐿𝐷𝐷𝐺𝐺, 𝐶𝐶𝐿𝐿𝐵𝐵𝑎𝑎𝑡𝑡, and 𝐶𝐶𝐿𝐿𝑓𝑓 are annual operating cost of solar PV, wind, diesel 
generator, and the fixed cost of operation of converters respectively. 
HOMER calculates the annual life cycle cost of the system using (29) [46]: 
 𝐶𝐶𝑎𝑎𝐷𝐷𝐷𝐷 = 𝐶𝐶𝑠𝑠 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑜𝑜 (29) 







Where, CRF is the capital recovery factor for the system, and is defined in (30) where 𝑖𝑖 is the 
expected discount rate and 𝑁𝑁 is the expected lifetime. 
3.3.  Case study 
The case study is a typical village chosen for this dissertation in order to illustrate the feasibility 
of remote standalone micro-grid, and the identification of practicable fundamentals for its 
implementation process. The chosen site for the case study is Kagoro village located in the 
rural area of Mhondoro in Mashonaland West province in Zimbabwe. Kagoro village is located 
at these coordinates 18°13'54.7"S 30°39'54.2"E and the location is 100 km away from the 
capital city, Harare. The site location that was chosen is a remote area that is far away from the 




Figure 11: Location of Kagoro village from google maps 
The Kagoro village locals are all Shona speaking population. The community consists of 
Schools, residential areas and a shopping centre. The village model has 50 households and 10 
shops. All the households are within 1 to 5 km radius from the shopping centre. Figure 12 
shows the mapping of the location. 
 
Figure 12: Kagoro village site mapping from google maps 
 
Table 1: Kagoro village model information 
Country Zimbabwe 
Province Mashonaland West 
District Chegutu District 
Total area 10.76 km2 
Number of households 50 




The residents and the businesses located in the shopping area have no access to electricity. The 
schools that are close to the area have access to electricity, but they are about 10 km away from 
the village. According to the assessment done through a questionnaire, the village struggles to 
improve its socio-economic development and they face a lot of challenges due to the absence 
of electricity. Also, through the assessment it was discovered that the number of residents in 
the area decreases as the year progresses. In the months of April and August, the population 
increases because some urban kids visit the village during the school holidays. In December 
and partly January, the population also increases because many people from urban areas come 
home to visit their parents in rural areas during the festive periods.   
In summary, Kagoro village can be described as a society that has the potential to boost socially 
and economically when it has access to electricity. Another challenge that this area has in terms 
of no access to electricity is that their shopping area cannot function to its full capacity and 
accommodate more activities. This has resulted in less development of the area and cannot 
attract any big investment.   
3.3.1. Surveying Method 
In order to gather data about the standard of living of people in the case study area and to be 
able to estimate load demand of the study area a questionnaire survey method was conducted. 
3.3.1.1. Questionnaire Design 
Depending on the nature of the questions, questionnaires can be classified as qualitative or 
quantitative method. In this study quantitative method was used. In order to do a questionnaire 
survey proper questions are required to measure accurately the behaviours, opinions and 
experience of the targeted community. To create good questions, it requires good question 
wording and organization of questions. 
a. Questionnaire Development 
Firstly, topics to be covered in the survey were identified and this involved thinking about what 
was happening in the area of study and what was relevant to the people who live there. We also 
tracked the opinion on different issues and then we updated the trends regularly so that we 





b. Measuring change over time 
To be able to measure future change a time projection was estimated based on current opinions 
of possible changes. Questions were designed in order to gather the residents’ opinion on 
possible changes that might occur in the area. 
c. Question Wording 
 The wording used in a question is important in providing a meaning and intention of the 
question to the responder to ensure that the respondents interpret the questions in a similar way. 
d. Question Order 
After developing survey questions a lot of attention was paid on how the questions were placed. 
The placement of these questions may have a big impact on the results than the wording used 
in the question. In order to determine the arrangement of the questions in a questionnaire a lot 
of attention was paid on how the questions inside the questionnaire can have negative effects 
on how responders’ answers question. This means that the way in which people answer 
questions may be influenced by previous questions. 
3.4. Chapter Conclusion 
The main objective of this chapter was to derive the best methodology that can be used to solve 
the problem statement of this research. The chapter gave all the details necessary on how the 
problem will be solved. The necessary equations that will be used in the calculations. It also 
stated the type of algorithm that will be used during the data modelling. The details of the case 
study area were also mentioned.  
The next chapter will go into detail on how the problem was solved following the chosen 
methodology. The case study findings will be given in more detail under the results and 







4. CHAPTER 4: RESULTS AND DISCUSSION  
4.1.  Case Study Model 
The Kagoro village model has 50 houses and 10 shops. Most households are within a 1 km 
radius from the shopping centre and some are as far as 5 km from the shopping centre. A door 
to door survey was done using the set of questionnaires presented in Appendix A. The 
questionnaire was done in order to understand the energy use options, socio-economic, 
environmental characteristics, and the electrical demand of the community. The questionnaire 
was designed with different sections that were relative to the directed individuals. The 
questionnaire had the demographic information section, residential-related section, and the 
business-related section.  
4.1.1. Demographic Information 
The findings from the demographic information collected shows that about 45% of the 89 
respondents of the residential individuals are of age above 45 years. There are a few adults in 
the age range of 20-45 years that live in the community since most of them move to the main 
cities to look for jobs after finishing school. There was about 20% of people in the age range 
from 15-19 years since most of them are school students that live close to their schools. The 
average household size was from 3 to 7 people per household. Table 2 below shows the 
demographic information of the community. 
Table 2: Summary of demography of the community 






60 and above 10% 
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4.1.2. Residential-Related Section 
The findings from the residents through the questionnaire were that majority of people (about 
80% of the population) use firewood as their source of energy for cooking because it is easily 
accessible. The other 18% of the population uses both firewood and gas stoves. The use of 
paraffin stove is not common as a few households use paraffin stoves in case it’s raining, and 
the firewood is wet. The reason why most people use firewood is because they can get the 
firewood anywhere in the woods and gas is expensive to buy and more challenging to access. 
The users of gas stoves use approximately 10 kg of LP gas (Liquefied petroleum gas) per month 
for cooking only at a cost of $2.00 per kg.  
Majority of the residents in Kagoro village uses paraffin lamps for lighting because it is cheaper 
to buy. The residents buy paraffin at $2.00 per litre and they spend approximately $3.00 per 
month on paraffin for lighting. A few households use candles and DC lights.  Most of the DC 
lights they were using were donated to the community so most of them were old. The batteries 
were no longer strong enough to support the lighting; so, most households resorted to paraffin 
lamps. Table 3 shows a summary in percentage of energy usage for both cooking and lighting. 
Table 3: Summary of energy usage for cooking and lighting in residential area 
Cooking Lighting 
 Percentage usage  Percentage usage 
Firewood 80% Paraffin lights 90% 
Gas stove 18% Candles 2% 
Paraffin 2% DC lights 7% 
 
Figure 13a shows the use of firewood for cooking in Kagoro village. The villagers go into the 
woods to gather firewood and stock it for later use as shown in Figure 13b. They also use 
firewood to heat up water for bathing and also to warm up when it’s cold during winter. 
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        (a)                                                                           (b) 
Figure 13: Cooking set with firewood used by Kagoro villagers 
After discovering the sources of energy that the community uses for cooking and lighting, they 
however mentioned some challenges related to the use of these energy sources. About 90% of 
the total firewood users from table 3 stated that firewood as a source of energy for cooking has 
the following challenges: 
• They are limited to use certain types of trees as firewood because of cultural laws given 
by Chief of the village. 
• There are dangers involved in fetching firewood from the forest because of some wild 
animals present in the forest (e.g. hyena). 
• Deforestation - the villagers are forced by the law enacted by the Environmental 
Management Agency (EMA) of Zimbabwe that they can only get firewood from dry 
trees only.  
• Carrying firewood on the head is a challenge for the elderly because they cannot carry 
heavy loads such as firewood on their heads. Hence, they are not able to fetch enough 
firewood to use for cooking and housewarming. Figure 14 shows a woman carrying 
firewood as one of the methods on how the villagers go and fetch the firewood. 
• Firewood causes air pollution 
• Based on parental responds, firewood can cause accidental fires by kids if they are not 
monitored playing around. 
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• Most commoners would complain that it is difficult to cook with firewood in rain 
season. 
• Most housewives would also complain that there are a lot of firewood required to 
prepare a meal hence it takes time to fetch firewood from the forest. 
• They also have to walk long distances to go fetch firewood which also consumes time. 
• Majority of the old age people they would complain that using firewood causes eye 
problems and difficult to breath. 
 
Figure 14: Method of firewood fetching 
An average of 99.4% of the Gas stove user from Table 3 stated that gas stove as a source of 







Table 4: Summary of challenges faced by using gas stove as a source of energy  
Gas as a source of energy Agree Disagree 
Gas stove is expensive to buy  98% 2% 
Risk of gas explosion 100% 0% 
High cost of refilling gas cylinder 100% 0% 
Inconvenience involved in refilling the gas cylinder 99% 1% 
Non-availability of gas refilling stations in the village 100% 0% 
 
An average of 88.67% of the paraffin users from Table 3 stated that paraffin as a source of 
energy for cooking and lighting has the following challenges according to the respondents 
shown in Table 5. 
Table 5: Summary of challenges faced by using paraffin as a source of energy 
Paraffin as a source of energy Agree Disagree 
Paraffin is expensive to buy because it needs regular refilling  100% 0% 
Risk of fire explosion 90% 10% 
Air pollution 100% 0% 
Health issues (e.g. respiratory issues, eye problems etc.) 86% 14% 
It has poor lighting especially for kids who use it for studying 96% 4% 
It does not last long 60% 40% 
 
An average of 95% of the DC lights users from Table 3 stated that DC lights as a source of 
energy for lighting in Kagoro village have the following challenges as shown in Table 6. 
Table 6: Summary of challenges faced by using DC lights as a source of energy 
DC lights as a source of energy Agree Disagree 
Limited lighting 95% 5% 
Requires constant charging of batteries 100% 0% 
The cost of replacing batteries  90% 10% 
 
Amongst the sources of energy used for cooking in Kagoro village, firewood is the most 
common energy source. Almost every household use it despite having either gas stove or 
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paraffin stove as well. However, from their choices of energy sources for lighting, paraffin 
lamps were the most common because they offer lighting to the users longer than candles and 
DC lights. 
4.1.3. Business-Related Section  
 The shopping centre has three kinds of shops, which are grocery shops, bottle stores, and 
barber & saloon shops. These shops have a demand profile aligned with their trading activities. 
From Table 7 about 80% of the shops use small sized solar panels with batteries for lighting 
and charging phones as shown in Figure 15.  
 
Figure 15: Solar set up used by shops 
A few of the shops have fridges for selling beverages and cold storage.  The shops with fridges 
use gas fridges. For a gas fridge to be fully functional for a full month, it requires about 15 kg 
to 19 kg of LP gas per month depending on the size of the fridge. Therefore, for the LP gas that 
costs $2.00 per kg, it means they require a minimum of $30.00 per month for the fridge only. 
From table 4 about 80% of the shops uses DC lights, 10% candles, and 10% paraffin lamps as 
their sources of energy for lighting. It can be observed from table 4 that 60% of the shops uses 
gas for energy source for daily activities such as for cooking and refrigeration. Table 7 shows 
a summary of the total percentage of energy usage for daily activities and lighting based on the 
10 shops with individuals who participated in questionnaire. A total of 20 individuals were able 
to respond to the questionnaire.    
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Table 7: Summary of energy usage for lighting and daily activities including cooking in 
business area. 
Daily activities Lighting 
Energy source Percentage usage Energy source Percentage usage 
Solar and 
batteries 
40% Paraffin light 10% 
Gas  60% Candles 10% 
Biogas 0% DC lights 80% 
Paraffin 0%   
 
The business owners mentioned the following as their energy use challenges: 
• Since they use small sized solar panels if the batteries do not charge well to use for 
music and lighting at night this can affects the trading hours. 
• The charging of batteries using solar is affected in rainy season which result in less 
energy to power all the required appliances. 
• The use of a gas fridge is expensive especially with low sales due to limited hours of 
trading. 
• Gas fridge is dangerous to use especially in public areas such as in a bottle store or a 
bar where people smoke therefore, they must build a shade outside to put the gas tank. 
• Use of candles and paraffin lamps provide poor lighting in the shops. 
Amongst the sources of energy for business activities, solar was discovered to be the most 
reliable for them because they also make money by charging phones for the villagers. However, 
gas was considered reliable to power the fridges. DC lights were also found to be the most 
reliable lighting energy source compared to other lighting sources. 
4.1.4. Demand 
Urban areas have a high electricity demand compared to rural areas. In rural areas electricity is 
for domestic use, community activities (e.g. schools and clinics), agricultural activities (e.g. 
irrigation), and for rural commercial activities. The demand estimate of the grid followed the 




Figure 16: flow chat for demand estimation process 
4.1.4.1. Load identification 
The village energy demand in this study will be estimated based on the electrical appliances 
the community uses for their daily activities. A site inspection was conducted prior to carrying 
out this task. Residential and commercial consumers are the two consumer types identified in 
the study area at the moment. 
The demand profile for proposed Kagoro micro-grid was estimated as shown in Table 8. The 
demand was estimated with two different seasons in the area, where August to April is 
considered to be summer and May to July is considered to be winter. The estimation was done 
based on the predicted residential and commercial demands. It can be observed from table 8 
that most estimated operation time for electrical appliance increased in winter because it is cold 
season therefore most of the times people spend time indoors hence appliances such as TV, 
radio, stove and heater increases their operation time. In both household and shops lighting 
hours increases because in winter there are long nights and short days. 
Table 8: Electricity Demand Forecast for Kagoro Village 
Electricity demand estimation for Kagoro Village 
Household Electrical Load 
 
Summer (August-April) Winter (May - July) 
Appliances 
Power rating 









E = nPTw 
(Wh/day) 
Radio 15 1 3 45 4 60 
Television 40 1 4 160 5 200 
Cell phone 10 3 3 90 3 30 
Refrigerator 150 1 18 2700 16 2400 
Electric stove 1500 1 6 9000 7 10500 
Electric kettle 1000 1 1 1000 1 1000 




lights 20 5 6 600 7 140 
Ceiling fan 50 1 3 150 0 0 
Heater  1000 1 0 0 2 2000 
TOTAL       14745   17330 
No of 
Households 50     737250   866500 
              
Shops’ Electrical Load 
              
Radio 15 1 10 150 9 135 
Compact 
fluorescent 
lights 20 2 6 120 7 140 
Low-energy 
lights (CFL) 20 3 6 120 7 140 
Refrigerator 150 1 18 2700 16 2400 
Ceiling fan 50 1 8 400 0 0 
TOTAL       3490   2815 
No of shops 10     34900   28150 
Maximum 
total load      894650 
 
4.1.4.2. Customer Identification 
The daily load profiles of domestic households and commercial businesses is the key 
characteristic that defines the customer types in the study area. 
1) Load profile of residential consumers 
The typical average yearly daily load profile for 50 households is shown in Figure 17. The load 
profile is the result of individual household’s load profiles added together. In order to 
accommodate future load, the load demand for households was doubled to accommodate twice 
the household number for future developments. This load profile shows the model of customer 




Figure 17: Residential Average daily Load Profile 
2) Load profile of commercial consumers 
The typical average yearly daily load profile for 10 commercial business customers is shown 
in Figure 18. The demand for the commercial was calculated based on the electrical appliances 
that are commonly used in shops. In consideration of future developments at the business area, 
commercial load demand was doubled to accommodate a future development projection of 
twice the number of shops at business area. The Therefore, this load profile shows the typical 
model of individual customer’s electrical usages summed together. 
 
Figure 18: Commercial Daily Load Profile 
3) Combined Load profile 
The typical average yearly daily load profile for combined commercial customers and 
residential customers with inclusive of productive energy usage where both residential load 
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and commercial were doubled to accommodate future developments is shown in Figure 19 as 
simulated in HOMER. The load profile shows the summed load from commercial and 
residential customers plus the doubled estimated future increase in electricity demand. There 
is double increase in the load curve shape because both commercial load and household 
demand were doubled to accommodate future demand.  
 
Figure 19: Combined Daily Load profile 
Therefore, the estimated load demand for our system primary load, which includes the 
residential load and commercial load, was estimated to be approximately 1789.30 kWh/day 
and 312.13 kW peak with a load factor of 0.24. 
4.2.  Resource Assessment 
As mentioned in the methodology, the resource assessment provides the basis for any 
considerations concerning the economic feasibility of available renewable energies. The 
assessment of the theoretical assets is consequently inevitable in an effort to draw conclusions 
for the subsequent analyses. These assets were evaluated in step with their altitudinal (spatial) 
and progressive occurrence. Altitudinal variability pertains to a described region and the way 
resource varies over the area. Progressive variability refers to prevalence in distinct time 
intervals [61]. 
Progressive variability maybe every day, monthly, yearly, seasonal, inter-seasonal, and inter-
yearly phases. As the time period suggests, each day variability pertains to the changes in data 
within some time, while monthly variability suggests the range inside a certain month, and 
yearly variability indicates the variety of numerous determined years. Inter-seasonal variability 
50 
 
refers to the differences among seasons. Comparing several years with each different indicates 
the inter-yearly variability [61]. 
For the study area, data for solar and wind energy assessments were obtained from the National 
Renewable Energy Lab (NREL) database that is accessible in the HOMER tool. 
1) Solar Resources 
The solar resource assessment is the systematic series of meteorological statistics to estimate 
the solar climate of an area and to assess the potential output of solar PV modules. 
Solar irradiance differs with geographic location and period. Based on this, devices can be 
decided on, and system overall performance and operations may be determined. The weather 
is a defining element of the assessment of solar irradiation, as it may reduce power output. 
Clouds reduce the incoming irradiation in addition to the storms, and high temperatures. All 
three elements need to be assessed because they can both lessen electricity output appreciably 
or interrupt the energy generation of the resources. Figure 20 shows the average monthly 
irradiation for the study area.  The annual average solar irradiation for Kagoro village is 5.87 
kWh/m2/day, which is sufficient to consider solar resource as an energy resource candidate for 
the village because it is greater than the threshold of 3.00 kWh/m2/day solar irradiation.  
 
Figure 20: Monthly daily irradiation for Kagoro village 
2) Wind Resources 
The monthly average wind speed data measured at 50 m height for the study area is presented 
in Figure 21, and it has having an annual average of 4.36 m/s.  The data shows that the wind 
speed is high in summer from August to December and it is low in winter. Hence there is a 
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possibility of more energy production from wind turbine during the months of August to 
December.   
 
Figure 21: Monthly wind speed for the study area 
4.3.  Model Set-Up 
This study uses the HOMER software developed by ‘NREL for designing micro-power 
structures, however, complements it through pre-HOMER and post-HOMER evaluations. This 
is indicated in resource assessment in the pre-HOMER evaluation section in methodology, an 
in-depth assessment of the site layout, village model load, and available energy resources for 
the village. Resources and technical assessment were performed outside HOMER and data was 
fed into the software. In HOMER evaluation, the hybrid renewable energy micro-grid is 
designed and then a techno-economic analysis is done. It compares an extensive variety of 
technologies with different constraints, and sensitivities to optimize the renewable energy 
micro-grid design. The evaluation is primarily based on the life-cycle cost (LCC) and technical 
properties of the system. The life-cycle cost includes the initial capital cost, cost of operation, 
and installation over the technology system’s life period. HOMER performs simulations to 
meet the given load demand by considering the available technology options and energy 
resources. The optimal system configuration is selected based on the simulation results. 
In this study, wind turbines and solar PV systems are the renewable energy resources proposed 
for electricity generation in the stand-alone micro-grid. In this system, the village load is AC 
load therefore it is connected to the AC bus of the network, whereas the solar PV system and 
the batteries are connected to the DC bus of the network. A power converter was also included 
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in the design in order to convert DC power from the solar PV system and batteries to meet the 
required AC load. A battery was included in the design in order to store excess power from the 
wind and solar, and the battery comes into use when the power produced by the resources does 
not match the demand. Lastly, a diesel generator is also included in the micro-grid set-up as a 
back-up in case there is an energy scarcity from the renewable energy resources, especially on 
cloudy or cold days where the energy demand is anticipated to rise. The proposed design for 
the Kagoro micro-grid will consist of XANT M-21 wind turbine, Photovoltaic (PV) array, 1 
kWh-units Lithium-ion batteries, AC/DC system converter, and a diesel generator as shown in 
Figure 22. 
 
Figure 22: Schematic micro-grid system configuration design for Kagoro village 
4.4. Economic analysis 
The economic analysis is the decisive research inside the process of a feasibility study because 
it determines whether the investigated technologies and resources are fairly achievable in a 
device from a financial perspective. Furthermore, the optimal configuration setup of the system 
is investigated and different variables in comparison are evaluated subsequently. Therefore, 
wind, and solar combined with batteries as storage and a diesel generator backup was 
considered in the system components that were incorporated in the system modelling approach. 
The program (HOMER) requires the electrical load profile and resources data as inputs and 
then will be to add DC and AC components to the consumer load. Based on the schematic 
shown in Figure 22, the components used are M-21 wind turbine and a diesel generator on the 
AC side, and photovoltaic (PV) array and 1 kWh-units Lithium-ion batteries on the DC side. 
The power converter ensures that both currents can be interconnected. 
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4.4.1. Component assessment  
In a micro-grid system, some components produce, distribute, convert, and store power. In this 
data modelling analysis, solar PV and wind turbines are the main energy resources, and the 
diesel generator is included for backup. Converters are for converting electrical energy between 
AC and DC and batteries are for storing electrical energy. In this study, the grid-connected 
mode was used for analysis and comparison and finding the economic distance to the grid, 
which is called electric distance limit (EDL) or breakeven distance. The performance and 
cost analysis of every system’s components is a prime thing for the cost outcomes and design. 
1) Wind turbine 
In this study, considering the wind power class of the study area based on the resource 
assessment and also to meet the supply required to load. A wind turbine XANT M-21 with a 
capacity of 100 kW AC output was used in this study. The wind system capital cost is 
$1360/kW and maintenance cost of $39.53/kW [62], [63]. The wind turbine has a hub height 
of 32 metres and a lifetime of 20 years. 
2) Solar PV panels 
In this study, the solar panels are connected in series with a DC output. Considering that the 
location has high solar irradiation or solar insolation, the solar PV system will generate more 
power compared to wind turbines. The capital cost for a 1 kW Solar PV are taken at $1110/kW 
and operation and maintenance costs is $10/kW since there is very little maintenance required 
for  solar PV [62], [64]. A derating factor of 84% and a lifetime of 25 years was used for each 
PV panel. The solar system will be simulated in two different scenarios where the first scenario 
consists of panels with no tracking system and the second scenario consist of panels with a 
horizontal axis tracking system in which each solar tracker cost $500 per panel [65]. 
 
3) Diesel Generator 
The diesel generator will operate as a backup in case there is a deficit of electric power being 
supplied by the renewable energy sources and the considered minimum load ratio, which in 
this case is 25% of the capacity. The backup generator was connected to an AC output. GEN100 
with capacity of 100kW was used as the backup generator with capital cost of 600/kW and 




The power converters used in the proposed hybrid micro-grid system are electronic devices 
that convert the DC to AC or conversely depending on the need of the hybrid system. The 
capital and replacement cost for the converter was considered as $300 for both, with no 
operating and maintenance [67]. The converter has a lifetime of 15 years with an inverter input 
efficiency of 95% and a rectifier input of 95% [68].  
5) Battery 
To maintain peak loads or shortages in power generation capacity, batteries function as a 
backup in the system 1 kWh-units Lithium-ion batteries were considered for this study. The 
battery has a lifetime throughput of 3000 kWh (15 years). The capital and replacement cost of 
$515/kW with the operating and maintenance cost of $10/kWh per year [69]. The charging and 
discharging cycles of the battery were modelled in HOMER. 
Table 9 shows the summary of the cost of the considered components, the capital cost, 
replacement & operation cost (O&M), and maintenance cost, and the expected lifetime as input 
into the HOMER software. 
Table 9: Cost of System components 
Component Capital Cost ($) O&M Cost ($) Lifetime 
PV Panels $1110/kW $10/year 25 years 
Wind Turbine $1360/kW $500/year 20 years 
Diesel Generator 600/kW $0.035/year 15000 hours 
Converter $300/kw $0.0/year 15 years 
Battery $515/kW $10/year 15 years  
 
4.4.2. Optimization results 
In the optimization process, a series of equipment options are simulated in HOMER by varying 
constraints in order to optimize the hybrid power system. The probable feasible system 
configuration will be shown in the optimization results window depending on the total net 
present cost. The power generation components are arranged in combination based on the 
system’s cost effectiveness from the system with lowest net present cost (NPC) and cost of 
electricity (COE) to a system with highest NPC and COE. The optimization results were 
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classified into two scenarios with different solar system set-up configurations which are: solar 
system with no tracking device and solar system with horizontal axis with continuous 
adjustment. 
a) Scenario I: No tracking of solar PV panels 
The result of optimization in HOMER software for the Hybrid Renewable Energy Sources 
(HRES) for the study area with a solar system with no tracking system is shown in Table 10. 
Table 11 shows the details of the least cost optimal combination of Renewable Energy 
Technology (RET) system components for Kagoro village with a system architecture 
comprising 292 kW PV-Array with a capacity factor of 26.9%, 2 x 100kW XANT M-21wind 
turbines, 100 kW diesel generator, 518 x 12 V strings of batteries, 196 kW inverter and a 196 
kW rectifier with a dispatch strategy of HOMER load following. This system is optimal at an 
average 3.67 m/s wind speed, 5.02 kWh/m2/day solar irradiation, and $1.00/l of diesel cost, 
and. The total net present cost (NPC), capital cost, and the cost of electricity (COE) for the 
hybrid system considered in this work are $1,607,150.00, $1,213,983.22, and $0.2231/kWh 
respectively with a $31,811.49 annual total operating cost with payback time of 5.6 years.  
 
Table 10: Optimization Results for the study area with no tracking system 
Micro-grid Power 
Generation Mix 






$1.61M $0.223 97.7 
PV/DG/Battery $1.85M $0.257 97.1 
PV/M-21/Battery $2.12M $0.294 100 
M-21/DG/Battery $2.20M $0.305 28.1 
PV/Battery $2.47M $0.342 100 
DG/Battery $2.76M $0.382 0 
M-21/Battery $4.54M $0.629 100 





Table 11: Optimal least cost hybrid micro-grid system for Kagoro village with no tracking 
system 
Cost Summary System Architecture Electrical 
Total 
NPC 





























 Inverter 196 kW Total 1,045,708  
100 







Table 12 shows the cash flow summary for the optimal system with no tracking system. The 
capital cost of wind turbines makes up only 22.40% of the system’s total capital, whereas 
approximately 27% of system capital goes to solar PV arrays. Once the system is installed, 
solar PV arrays are much cheaper to maintain and operate compared to the wind turbine and 
diesel generator. The battery cost of operations and maintenance takes up to 49.6% of the 
system’s cost of operations and maintenance. The cash flow analysis shows that the micro-grid 
has a battery replacement cost every 15 years, hence, it has a high cost of replacement of 95.2% 
of the total cost of replacement of the system, while converter’s replacements occur in 15 years. 
The cash flow shows that wind has zero salvage value meaning that the resource will no longer 
be useful at the end of depreciation expense. It can be observed from Table 12 that the total 
costs of solar PV, wind turbine, diesel generator, converter and battery are $342,023.86, 





Table 12: Cash flow summary of optimized system with no tracking system based on 
components 
Name Capital ($) Replacement 
($) 
O&M ($) Fuel ($) Salvage ($) Total ($) 
Diesel 
generator 
60,000.00 0.00 229.70 70,962.92 -4,860.75 126,331.87 
Battery 533,540.00 171,992.14 128.041.96 0.00 -89,421.98 744,152.13 
Wind 272,000.00 0.00 93,930.40 0.00 0.00 365,930.40 
Solar PV 323,919.96 0.00 36,066.77 0.00 -17,962.87 342,023.86 
Converter 24,523.26 8,724.09 0.00 0.00 -4,535.82 28,711.53 
System 1,213,983.22 180,716.23 258,268.83 70,962.92 -116,781.42 1,607,149.78 
 
b) Scenario II: With continuous adjustment of horizontal axis of solar PV panels 
The result of optimization in HOMER software for the Hybrid Renewable Energy Sources 
(HRES) for Kagoro village with a solar system whose horizontal axis is continuously 
adjustment is shown in Table 13. The solar PV system orientation parameter has a ground 
reflectance percentage of 20% and a panel slope of 18.23o. Table 14 shows the possible least 
cost-optimal combination of Renewable Energy Technology (RET) system components for the 
case study with a system architecture of 111 kW PV array with a capacity factor of 29.7%, 2 x 
M-21wind turbines, 100 kW DG, 522 x 12 V strings of batteries, 174 kW inverter and a 174 
kW rectifier with a dispatch strategy of Cycle Charging. This system is considered with the 
same resource parameters as the system with no tracking system at 3.67 m/s average wind 
speed, $1.00/l diesel cost, and 5.02 kWh/m2/day of average solar irradiation. The total net 
present cost (NPC), capital cost, and the cost of electricity (COE) for such a hybrid system are 
$2,048,318.00, $745,963.64, and $0.2839/kWh, respectively with a $105,374.70 annual total 















PV/M-21/DG/Battery $2.05M $0.284 70.5 
M-21/DG/Battery $1.85M $0.305 28.1 
M-21/PV/Battery $2.12M $0.341 100 
PV/DG/Battery $2.20M $0.382 31.7 
DG/battery $2.47M $0.432 0 
PV/Battery $2.76M $0.620 100 
M-21/Battery $4.54M $0.629 100 
DG $5.12M $0.764 0 
 
Table 14: Optimal’ least cost hybrid system for the study area with horizontal axis, 
continuous adjustment 
Cost Summary System Architecture Electrical 
Total 
NPC 



























 Inverter 174kW Total 835,928  
100 
 






Table 15 shows the cash flow summary for the optimal system with the horizontal axis under 
continuous adjustment. The capital cost of solar PV arrays makes up only 16.55% of the 
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system’s total capital, whereas approximately 36.5% of system capital goes to the wind system. 
In this system solar PV arrays takes up to 72.15% of the system cost of operations and 
maintenance because of high maintenance cost of solar tracking system. The cash flow analysis 
shows that battery banks have high replacement cost because of their life span. The battery 
banks take up to 66% of the total cost of replacement of the system. From Table 15, the total 
costs of solar PV, wind turbine, diesel generator, converter and battery are $528,918.74, 
$365,930.40, $696,386.64, $25,400.74 and $43,681.31, respectively. 
 
Table 15: Cash flow summary of optimized system with horizontal axis, continuous 












60,000.00 48,272.77 749.22 598,861.76 -11,497.11 696,386.64 
Battery 268,830.00 107,275.26 64,515.35 0.00 -8,939.30 431,681.31 
Wind 272,000.00 0.00 93,930.40 0.00 0.00 365,930.40 
Solar PV 123,438.21 0.00 412,325.75 0.00 -6,845.22 528,918.74 
Converter 21,695.43 7,718.10 0.00 0.00 -4,012.79 25,400.74 
System 745,963.64 163,266.13 571,520.72 598,861.76 -31,294.42 2,048,317.83 
 
4.4.3. System Selection 
The results shown in optimization results in Section 2 were classified into two scenarios with 
different solar system set-up configurations considered:  
• Scenario I: Solar system with no tracking device  
• Scenario II: Solar system with the horizontal axis under continuous adjustment  
In both scenarios, there are five possible system configurations that are favourable for 
renewable energy implementation compared to base diesel generator system for Kagoro 
village.  
The system configuration from the optimal results in both scenarios has shown that the LCOE 
depends on the system’s components and architecture. Therefore, there is a need to assess each 
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system configuration based on the advantages and disadvantages of individual system 
components. 
As observed in the optimization results for both scenarios, the PV-Wind-DG-Battery system 
was found as the most cost-effective energy mix for Kagoro village. The second most optimal 
option is the PV-DG-Battery system in scenario I and Wind-DG-Battery in scenario II, but they 
both have a LCOE higher than that of the PV-Wind-DG-Battery system because of higher 
operating costs and higher initial capital cost. However, the Wind-DG-Battery system in 
scenario II has a lower renewable fraction of 28.1% to compared to 70.5% for PV-Wind-DG-
Battery, and the PV-DG-Battery system in scenario I has a slightly lower renewable fraction 
of 97.1 compared to that of the for PV-Wind-DG-Battery system. In consideration of both 
scenarios, the Wind-DG-Battery system has simple load management because of the absence 
of solar resources, but it has higher fuel consumption per year compared with the PV-Wind-
DG-Battery system. This becomes a major disadvantage to consider the Wind-DG-Battery 
system because the objective is to reduce the use or dependency on fossil fuel and carbon 
emissions. 
The third most optimal option in both scenarios is the PV-Wind-Battery system, it has the 
highest renewable fraction of 100% yet it is more expensive with an LCOE of $0.294/kWh, 
and total NPC of $2.12M in the scenario I and $0.341/kWh, and total NPC of $2.12M in 
scenario II. This is because it sorely depends on wind and solar energy sources and requires 
more batteries to contain the system backup. By comparing system 4 in both scenarios to 
system 1 and system 2, the Wind-DG-Battery system in scenario I and PV-DG-Battery in 
scenario II strains the batteries more as energy generation reaches peaks during the day. This 
is because it has a lower renewable fraction of 38.1% scenario I and 31.7% scenario II 
compared to systems 1 and 2. Therefore, a steady load is more preferred compared to peaking 
energy generation. The other eligible options are the PV-Battery and Wind-Battery system, 
with renewable energy fractions of 100% in both scenarios. They are less considered because 
of the objective to have a self-dependant and reliable system.  
Therefore, the assessment of six options in both scenarios has shown that the combination of 
the considered resources solar PV and Wind turbine with diesel generator backup system and 
energy storage system is the most optimal option because it combines higher stakes of 
renewable energy with the most cost-competitive financial key values. This system is selected 
61 
 
to be the most feasible because the allocation of energy generating resources is reliable for the 
study area.  
Table 16 shows a techno-economic comparison of scenario I and scenario II. From this 
assessment a selection of which best scenario was conducted based on the key factors which 
are the LCOE, NPC, capital cost, operating & maintaining cost, and a renewable fraction (RF) 
of the PV-Wind-DG-Battery system. From table 16 it can be observed that scenario I has lower 
LCOE, NPC, operating & maintaining, and capital cost compared to scenario II. Scenario I has 
a higher renewable fraction (RF) of 97.7% because about 98.4% of the system electrical 
production comes from wind and solar where generator act as backup if there is a small shortage 
it supplements, and scenario II has a renewable fraction of 70.5% because only 79.6% of its 
electrical production comes from wind and solar and generator contributes approximately 20%. 
Therefore, the higher renewable energy penetration lowered the number of battery strings 
needed, which resulted in a lower NPC. It can be observed from table 16 that scenario I have 
lower NPC cost and capital cost compared to scenario II because of higher operation cost 
caused by the using solar tracker which has a high operating and maintaining cost hence higher 
NPC and capital cost which will result in having a higher cost of electricity. Therefore, the 
scenario I system will be more feasible than the scenario II. 
Table 16: Comparison of Techno-economics of Scenario I and II 
 Scenario I Scenario II 
Cost of electricity $0.2231/kWh $0.2839/kWh 
NPC $1,607,150.00 $2,048,318.00 
Operating cost $31,811.49/yr $105,374.70/yr 
Renewable fraction 97.7% 70.5% 
Electricity production 1,045,708kWh/yr 835,928kWh/yr 
PV capacity factor 26.9% 29.7% 
PV operation cost $36,066.77 $412,325.75 
System O&M cost 258,268.83 571,520.72 
 
 Scenario I system analysis 
Figure 23 shows the monthly distribution of electricity produced in kW by solar PV, Wind 
turbine M-21, and diesel generator from January to December. It can be observed that 
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throughout the year the peak load is met mostly by wind turbines and solar PV.  It can be noted 
from Figure 23 that solar energy has a higher percentage of energy production most of the time 
throughout the year because of its higher production capacity. The wind turbine operates at full 
capacity for 12 months and produces 404,349 kWh/year, achieving a capacity factor of 31.22 
%. At this level of operation, the Levelized cost of electricity for the wind turbine system 
becomes just 0.00458 $/kWh. It can also be observed from Figure 23 that there is higher 
electricity production from the month of August to November because of high wind speed and 
solar irradiations.  
The electricity production is lower during winter between the month of April and June. In 
February there is a little bit of lower electricity production because it will be rainy season hence, 
lower solar irradiation and wind directions are distorted. For the selected system, the diesel 
generator operates for 942 hours per year, produces 16.818 kWh/ year, and consumes 12,789 
litters of diesel fuel. The solar PV system produces 624,541 kWh/year with a capacity factor 
of 26.9% by operating for 6,411 hours per year and the levelized cost of electricity for a solar 
PV system is 0.131 $/kWh. The total electricity production is 1,045,708 kWh per year with an 
excess of 446,925 kWh per year which is 41.8% of total electricity generated which goes 
unused due to low demand’ and is fed to dump loads. This shows that the system can meet 
future demand growth. The demand can be increased by feeding the excess electricity to nearby 
schools or villages, which will further reduce the cost of electricity (COE) because the increase 
in demand increases the load factor. The excess electricity can also be sold to the main grid in 
the future.  
 





The composition of emissions from the proposed micro-grid is presented in Table 17. Due to 
reliance on the renewable energy of the system, the emission of pollutants shown in Table 17 
would reduce. The optimal hybrid system for the study area will save 15,018 kg per year of 
carbon dioxide. The Kagoro micro-grid produces 0.0144 kg/kWh per year  compared to 4.85 
kg/kWh for the Zimbabwe central power generation plant [70]. Based on this assessment, the 
hybrid system becomes the feasible option for an off-grid site in Zimbabwe. 
Table 17: Emissions 
Pollutant Quality (kg/yr.) 
Carbon Dioxide 15,018 
Carbon Monoxide 102 
Unburned Hydrocarbons 4.13 
Particulate Matter 0.409 
Sulphur Dioxide 36.8 
Nitrogen Oxides 8.17 
 
4.4.5. Breakeven distance for grid extension   
In this study, the grid is used as the standard baseline by HOMER in order to compare the 
technical and economics of an off-grid hybrid renewable energy technology system. Therefore, 
grid extension cost is used to analyse if a grid extension is feasible or if an off-grid system is 
more applicable. The initial capital cost for grid extension per kilometre for Kagoro village is 
estimated to be $22,000/km. The annual cost of operation and maintenance is considered to be 
$440/km and the grid ‘power price is $0.10/kWh [71]. Figure 24 it shows that breakeven 
distance for grid extension between the Kagoro standalone micro-grid grid extension on this 
study was found to be 32.67 km. This implies that it is only comparatively economical not to 
connect Kagoro micro-grid to the main grid because the distance between the nearest substation 
and Kagoro is greater than 32.67 km. This can also imply that the Kagoro micro-grid would be 






Figure 24: The graph shows the breakeven distance for grid extension for proposed 
Kagoro Micro-Grid 
4.5. Sensitivity Analysis 
To examine the effect of uncertain parameters on the optimizing of Hybrid Renewable Energy 
Sources (HRES)’s equipment, sensitivity analysis must be performed. Uncertain parameters 
may also fluctuate depending on the location and different component type. The uncertain 
parameters considered in this study are listed in Table 18, and they are wind speed, sun 
irradiation, fuel cost, temperature, and primary demand. These uncertain parameters have 
effects on NPC, LCOE, operation effects of assets, production of emissions, etc. As shown in 
table 18, four different parameters were chosen, and different minimum and maximum values 
were chosen around the optimal values. The minimum values represent the least conditions 
were the micro-grid can operate, and the maximum values will be highest possible conditions 
were the micro-grid can operate.  The fuel cost was also considered to have minimum and 
values because the fuel prices in Zimbabwe fluctuate based on fuel availability. Based on the 
values in the table, HOMER must consider 35 equals to 243 scenarios in order to come up with 
the optimal configurations. Where, the first scenario will occur when the total energy 
consumption is 833.400 kWh/day, solar irradiation is 5.873 kWh/m2/day, wind speed is 4.358 
m/s, temperature at 21o degrees, and diesel price is $1.14, and the last scenario will take place 
when the total energy consumption is 894.650 kWh/day, solar irradiation is 6.640 kWh/m2/day, 
wind speed is 5.450 m/s, temperature 33o degrees and diesel price is $1.33. The simulation and 
optimization process were repeated based on each unique scenario. So, the optimal 
configuration is the one with minimum NPC considering all the scenarios. 
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Table 18: Sensitivity parameters 






1789.30 1600 1800 
Annual Average Solar 
Irradiation (kWh/m2/day) 
5.873 5.020 6.640 
Temperatures (in degrees) 21o 15o 33o 
Annual Average wind 
Speed (m/s) 
4.358 3.670 5.450 
Diesel Price ($/Litre) 1.14 1.00 1.33 
 
Sensitivity evaluation eliminates all infeasible combinations and ranks the viable combination 
contemplating the uncertainty of parameters. By sensitivity analysis, HOMER can consider 
future developments, such as by increasing or reducing electric load demand as well as 
changes concerning the resources, for example, variation in wind speed, solar irradiation, or 
diesel fuel prices. In this study, different sensitive variables were considered to choose the 
best resource combination for the hybrid system to supply the load demand. The sensitive 
results were simulated with a solar system with no tracking system based on the system 
selected. 
Table 19 shows the optimization results obtained at sensitivity variables. It can be observed 
from the results that the proposed system provides a reliable power supply at these sensitivity 
variables because it has a lower LCOE compared to the optimization results in table 10 and 
table 13 without considering the sensitivity variables. The cost of electricity is $0.212/kWh 
at 5.45 m/s of wind speed, $1.00/l of diesel cost, and 6.64 kWh/m2/day of solar irradiation 
sensitivity values whereas the cost of electricity without considering these sensitivity values 
is $0.2231/kWh as shown in table 10. The total net present cost (NPC), capital cost, and the 
cost of electricity (COE) for such a hybrid system at 5.45 m/s of wind speed, $1.00/l of diesel 
cost, and 6.64 kWh/m2/day of solar irradiation sensitivity values are $1,656,096.00, 




Table 19: Optimization results by considering sensitivity variables 
Micro-grid Power 
Generation Mix 




PV/M-21/DG/Battery $1.57M $0.212 97.2 
M-21/DG/Battery $1.85M $0.248 53.3 
PV/DG/Battery $2.12M $0.250 97.7 
DG/Battery $2.20M $0.342 0 
 
Figure 25 shows the optical system graph at fixed load of 1600 kWh/d, and with varying fuel 
prices for the proposed system type with cost of electricity superimposed on the plot. Figure 
25 shows that the increase in fuel price will result in increase in cost of electricity. It can also 
be observed that the cost of electricity increases with increase in demand at fixed fuel price. 
Figure 26 shows the surface plot of system where COE is superimposed. It can be observed 
from figure 26 that the cost of electricity is lower at higher values of wind speed and solar 
irradiation because there will be higher electricity production from both energy sources. Figure 
27 and 28 shows the effect of wind speed and solar irradiation on NPC and COE by varying 
the values of wind speed and solar irradiation. Figure 27 shows that an increase in solar 
radiation lowers both NPC and COE because there will be higher electricity production of 
electricity from solar PV at high irradiation values. Figure 28 shows that increase in wind speed 
lowers the NPC and COE of the system because there will be higher electricity generation from 
wind turbine. 
 









Figure 27: Variation of COE and NPC with solar irradiation 
 
Figure 28: variation of COE and NPC with wind speed 
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4.6. Grid-Connected Mode 
The result of optimization in HOMER software for the Hybrid Renewable Energy Sources 
(HRES) for Kagoro micro-grid when simulated in grid connected mode, when selling the 
electricity to the main at $0.16/kW [72]. Table 20 shows the possible least cost-optimal 
combination of Renewable Energy Technology (RET) system components for the case study 
in grid connected mode with a system architecture of 210 kW PV array, 1 x M-21wind 
turbine, 200 kW Grid, 56 x 12 V strings of batteries, 189 kW inverter and a 189 kW rectifier 
with a dispatch strategy of HOMER Load Following and the renewable fraction of 71.2%. 
The grid will purchase about 253,176 kWh per year. The system will have approximately 
0.535% per year of excess power with no use. The total net present cost (NPC), capital cost, 
and the cost of electricity (COE) for such a ‘hybrid system are $628.415.40, $421,869.83, and 
$0.05790/kWh, respectively with a $16,711.81 annual total operating cost and payback time 
of 8.8 years. 
Table 20: Optimization Results for the study area in Grid connected mode 
Cost Summary System Architecture Electrical 
Total 
NPC 

























 Inverter 189kW Total 905,308  
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4.7. Post HOMER analysis 
This study has proven that the structure of micro-grids with a storage system can establish a 
secure and dependable power delivery for communities in order to test the applicability of 
renewable energies. Currently, the most promising renewable technology based on the resource 
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assessment for the study area is wind and solar PV technologies. The use of various energy 
sources in a single system permits better adaptation to the fluctuating load profile of 
communities in comparison to a system that depends on a single energy resource. The reason 
for this is the distinction in temporal variability, wherefore they generate electricity in different 
instances. Storage systems make renewables dependable because the load demand can be met 
at any time. Furthermore, it was shown that a rational distribution can reduce the size of the 
storage system because the progressive occurrence of available energy can be adapted to the 
loads. 
However, to ensure a stable frequency without a storage system, renewable energy plants must 
exceed the electric load demand for the study area multiple times since only the base loads of 
renewable energies are reliable. Furthermore, the use of a storage system can be avoided by 
connecting the system to the main grid. Whereas the excess electricity that is produced can be 
sold to the main grid to generate a new source of income. It can be observed from section 4.6 
that the LCOE on a grid connected mode is $0.05790/kWh which is much lower than on a 
stand-alone system. Therefore, it can be justified that by selling the electricity to the main grid 
can lower the COE of the targeted community. This can also justify that an off grid can be a 
better option for Kagoro community.  In general, conventional energy grids have lower initial 
costs compared to the renewables grid.  
4.8. Considerations and Assumptions 
In this section the considerations and assumptions that were made in the gathering of data, 
assessing the results, and also analysing the issues that might affect the research study. These 
considerations were classified in terms of the technical, financial, and environmental impacts 
of the system. 
4.8.1. Identified Issues  
1) Technical  
When selecting renewable technologies for micro-grid design several factors are to be 
considered such as the type of technology that is going to be used and the maintenance of the 
tech-system. Life span and rated power are some of the key factors to be considered when 
selecting the type of technology to be used. Based on these factors, the chosen solar technology 
system that was chosen has low rated power output therefore, more solar panels will be needed 
to make a high contribution of energy production to the system. This solar technology system 
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was selected because it provides lower operation and maintenance costs, and the purchasing 
price was relatively better compared to other possible solar systems.  
The wind turbine selected was based on rated output power relative to its height. Based on the 
wind data that was collected, it shows that wind speed depends on height therefore a wind 
turbine with a large height will be more favourable. The issue that should be considered is the 
transportation of the wind turbine to such a remote area. Hence, in considering these factors in 
sensitivity analyses height was considered a factor in order to determine the suitable wind 
turbine.  
The batteries that were selected have a small life span of 15 years. Considering the projected 
grid lifespan of 20 years, the batteries have to be changed about two times relative to project 
lifespan.  
There are also common problems that should be considered when using a diesel generator as a 
backup such as if overused it will lead to lots of technical breakdowns and it should also be on 
constant maintenance to avoid any problems.       
2) Financial 
The implementation of an off-grid system in a remote area is determined by factors such as the 
cost involved to construct and the personnel which would be involved during and after the 
construction of the grid. All financial expenses should be considered in order to come up with 
the total project cost. The transportation of wind turbines to such remote areas can be costly 
because the turbine height can require special transportation. The country of Zimbabwe is 
facing challenges of financial inflation therefore, fuel price was considered in sensitivity 
analyses for a possible future change in prices since the system contains a diesel generator as 
backup. 
3) Environmental impact  
When practically implementing off-grid systems in Zimbabwe there are policies and regulatory 
frameworks that should be followed according to the environmental policies and regulation of 
the Environmental Management Agency (EMA) of Zimbabwe. According to the 
environmental management act formed by the Ministry of Environment and Tourism of 
Zimbabwe it stated that any company or institution should abide by the following act when 
conducting their business [73]:  
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• “An Act to provide for the sustainable management of natural resources and protection 
of the environment, the prevention of pollution and environmental degradation”. 
 
4.8.2. Exclusion and Assumptions 
In all projects, engineers make certain assumptions. The assumptions to be done are based on 
the project objectives, scope, specifications, and requirements.  In this study, there was 
difficulty in getting wind speed and solar irradiation data from the Meteorological Services 
Department of Zimbabwe because then the area is remote, and it is not within their coverage. 
Therefore, the data that was used for wind speed was collected from NASA surface mereology 
through HOMER software, and solar irradiation was collected from the National Renewable 
Energy Lab (NREL) database that is in HOMER. The only data that was collected from 
Meteorological Services Department of Zimbabwe through their website was the weather 
conditions of the area close to Kagoro village. This data includes the minimum and maximum 
temperatures, and humidity of the area. Therefore, this data was used in sensitivity analyses 
since solar cells’ output depend on the temperatures.   
The introduction of electricity in any area mostly results in an increase in the population of 
residents and businesses. Therefore, due to this fact, the load demand that was used in the 
optimization of the system was doubled in order to include a possible increase in population 
demand margin. In the sensitivity analyses the load demand factor was included so as to 
consider the possible minimum and maximum demand required by the targeted community. 
4.9. Chapter Conclusion  
This chapter gave a summary of the results obtained after following the proposed methodology. 
The details of the survey that was performed on the case study model were summarised in this 
chapter. A detailed resource assessment, technical assessment, and economical assessment 
were shown in this chapter. The analysis of all the data modelling that was performed during 
the assessment of the results as stated in this chapter. The chapter also gives an overview of the 
success of the system selection based on data assessment of the obtained results. This chapter 
also shows an evaluation of different methods that were used to obtain the results and possible 
ways to justify the results to meet the main objective of this study. The following chapter will 




5. CHAPTER 5: CONCLUSION AND FUTURE WORK 
5.1.  Conclusion 
The main objective of this dissertation was to find a system that is reliable and cost-effective 
in terms of electricity generation and supply by using renewable energy technologies as energy 
sources for Kagoro village as the targeted study area. This study presented a socio-
economically self-sustainable mini-utility design approach for rural electrification. A hybrid 
micro-grid system with a backup generator was chosen as the most appropriate for electricity 
production for the village. The methodology was drawn based on the situation where minimal 
solar and wind resources are available to come up with the optimal micro-grid sizing. The 
micro-grid sizing was based on the case study for a village model located in Mashonaland West 
of Zimbabwe, called Kagoro village. The key factors that were considered were the 
competitiveness of storage technologies, microgeneration, distributed generation, and the grid 
reliability conditions in island mode. The assessment method that was presented in this study 
helps to identify the micro-grid configuration with favourable costs, prices, and micro-grid 
functional conditions.   
The optimal system that was selected is a solar-wind system in combination with a backup 
diesel generator and batteries as an energy storage system. This chosen system has proven to 
be the most feasible option as it gives the most compatible combination of renewable energy 
sources with the most cost competitive system and they make a reliable power supply due to 
backup diesel generator and battery storage system. The estimated cost of electricity (COE) for 
the optimal system is $0.223/kWh with a renewable fraction (RF) of 97.7%, and NPC of $1.61 
million and payback time of 5.6 years. It was observed that the proposed system has a higher 
cost of electricity compared to Zimbabwe cost of electricity which is $0.1/kwh. This is because 
the current existing grid uses cheap coal fuelled power plants and established hydro power 
plants.  According to [74] stated that there is potential to technological advancement of solar 
and wind in the country that may lead lower LCOE. Also, according to [75] stated different 
types of barriers that are affecting the adaptation of renewable technologies in Zimbabwe which 
included the framework of renewable energy feed-in tariff.  
The most considered factor for the system is its reliability of electricity supply power 
production based on the combination of renewable energy sources. This system was considered 
to be reliable based on the evaluation of its reliability of power generation under various 
uncertainties. The evaluation was based on the intermittency in renewable energy sources 
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(RES) such as solar PV and wind turbine. For example, in the absence of storage system, and 
the variation of solar output in different weather conditions. Therefore, a sensitivity analyses 
was conducted on the minimum and maximum load demand based on the expected load in 
summer and winter. The metrics that were used to compare the alternatives included payback 
time, NPC, as well as LCOE and the minimum monthly payments per household necessary to 
break-even.   
In terms of self-reliability of the systems electricity supply, there are three other systems with 




The PV-Wind-Battery system is the most cost reasonable system that has the highest reliable 
capability to power the village throughout all the seasons of the year compared to the other two 
systems. However, the PV-Wind-Battery system has an LCOE of $0.294/kWh and an NPC of 
$2.12 million. Therefore, the PV-Wind-Battery system is not most optimal compared to the 
PV-Wind-DG-Battery system that was selected. 
It can also be mentioned that the main grid can be of additional benefit to the micro-grid in 
order to improve power supply reliability. Therefore, the micro-grid can also function in a grid-
connected mode in case of a power deficit from renewable sources. Likewise, the excess power 
being generated from the micro-grid can be sold to the main grid, which can help in the 
financials of the micro-grid project. Through the assessment of the grid-connected mode it can 
be concluded that it lowers the COE to $0.05790/kWh by connecting the micro-grid to the main 
grid. The efficiency of the micro-grid can be improved by increasing the performance of 
renewable energy technologies (RET) such as solar system. The power output of the solar 
system can be improved by implementing a solar tracking system, which improves the solar 
system performance. There was a comparison of two scenarios where in the first scenario, the 
solar system had no tracking system and in the second scenario, the solar system had a 
horizontal axis tracking system. From the assessment of the results, it was observed that with 
addition of solar tracker cost of operation it causes the cost of electricity to be higher and the 
total NPC of the system. Therefore, solar tracker does improve the power output of the solar 
system but a system with no tracking system was considered a viable option in this study 
because of lower COE and total NPC of the system. 
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It can be observed from the results that in both scenarios I and II, and grid-connected mode the 
payback period of Kagoro micro-grid are 5.6 years, 6.1 years, and 8.8 years, respectively. 
Comparative observation of payback time of Kagoro micro-grid in both standalone and grid-
connected mode to the lifetime of the micro-grid, which is 25 years. Therefore, the short 
payback period shows that it takes lesser time to return the investors’ capital which can give 
an advantage to potential investors for the proposed micro-grid. It can also be observed from 
the results that the proposed micro-grid has a carbon dioxide emission rate of 0.0144 kg/kWh 
per year compared to 4.85 kg/kWh for the Zimbabwe central power generation plant [70]. This 
shows that the proposed grid has a very low carbon dioxide emission compared to the main 
grid carbon emission. Therefore, the proposed grid is environmentally friendly. 
Table 21 presents an economical and technical comparison of different system types to the 
designed Kagoro micro-grid so as to justify the reliability of the system by considering both 
the system’s economic and technical feasibility. To justify a micro-grid system’s reliability, it 
should be able to have the ability to meet the demand of the targeted customers based on the 
feasibility of distribution generation units within its system. This study has considered to 
maximise the technical feasibility of the hybrid system by determining the most suitable system 
and the most profitable one. To maximise the reliability of micro-grid system that is renewable 
energy power generation based, an optimal renewable energy system configuration was 
selected based on maximising the renewable energy source fraction (RF). Table 21 shows the 
techno-economic feasibility summary of different papers with similar renewable energy 
systems either hybrid systems or standalone systems in Africa as geographical location. It can 
be observed from Table 21 that the proposed system in this study has better economic and 
technical feasibilities in both off-grid and grid-connected mode.  It can also be observed that 
Kagoro micro-grid has a higher maximisation usage of renewable energy by having a high RES 
fraction. With this observation it can be concluded that there will maximum usage of local 








Table 21: Economic and technical feasibility comparison of different systems at same 
geographical locations in Africa 
Paper Location System Type COE ($/kWh) RES 
Fraction 
(%) 
This study Zimbabwe Hybrid 
PV/DG/Wind/battery 
0.223 97.7 




[76] Zimbabwe Hybrid PV/Wind/Grid 
(Grid-connected) 
0.210 42 




[77] South Africa Hybrid 
Wind/DG/battery 
0.320 90.5 
[78] South Africa PV/battery 0.378 100 
[79] Sub-Saharan 
Africa 
Standalone PV 0.830 100 
[80] Nigeria Standalone PV 0.400 100 
 
There are four factors that were considered in this study in order to meet the research objectives 
which include resource assessment, economic analysis, technical and environmental 
considerations. Resource assessment included the availability of potential renewable sources 
and which natural constraints could be considered. The economic analysis included factors like 
technology cost, fuel cost, operation and maintenance cost, and payback time. Technical and 
environmental considerations included topographic constrains local environment and system 
performance. There were some challenges in obtaining accurate data in this study concerning 
resources and economic analysis. For instance, the wind measurements should be taken at the 
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chosen location to better estimate the real wind speed. For this study, data was collected from 
the National Renewable Energy Lab (NREL) database that is in the HOMER tool. 
Furthermore, the Kagoro village was unique in terms of the identifications that were made 
during the site visit and the questionnaire that was conducted. A number of key experiences 
and conclusions were detailed through the area survey and from the answered questionnaire. 
The key factors that were observed included the non-availability of grid, population & 
electrical usages, access to the village in terms of roads, and people’s behaviour in terms of 
how they live with available energy resources. It was noted that the supply from the grid was 
very far from the village about 100 km. The areas that are within this region that has access to 
the grid power were plagued with unreliable electricity supply and frequent power outages. In 
terms of population, the village has a low population but with the potential to grow. According 
to demographic data, it showed that the village has an almost equal number of youth aged 
people compared to old adults. In terms of access to the village from other nearby townships, 
the road is in bad condition, and there are two main dusty roads that give access to the village 
the other main road is called Marirangwe road. The other factor is people’s behaviour or the 
frame of mind of people living in that society as it gives an overview of the expected output of 
any project done in their community. Through the questionnaire, people’s responses confirmed 
that they favour the use of local resources available because they are used to their standard of 
living although the community believes that the idea of having access to electricity can improve 
their standard of living. The majority of the villagers also believed that electricity can be of 
much help to the school children who will be able to study during the night hours. As for the 
business sector, they confirmed that the presence of electricity at the shopping centre can attract 
more business into the area. The schools that are close to the region also confirmed that they 
can also opt to benefit from the micro-grid since the power from the traditional grid has proven 
to be less reliable hence, they need a backup. 
From the findings of this study, it can be concluded that micro-grids can provide efficient, low-
cost, clean, and reliable energy to the residents of Kagoro village, while also offering 
improvements to the operation, reliability and stability of the regional electric grid in a grid-
connected mode. The regional grid would benefit from the Kagoro micro-grid by reducing the 
grid congestion and peak loads. This can bring a high reliability of electricity in the region. The 
introduction of such micro-grids in many un-electrified rural regions in Zimbabwe can improve 
the rural electrification rate of the nation, and also, the economic and industrial development 
of the country.  
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Economic development through rural electrification can be in its productive uses in agriculture 
and industry. In agriculture, electricity helps with irrigation, production, and processing of farm 
produce. Also, electricity can improve rural businesses by extending working hours through 
lighting. It was also observed that micro-grids can improve community’s well-being through 
use of electricity for lighting, cooking and heating of space. Finally, a micro-grid can also 
promote local control of energy through the democratization of energy and rise in the number 
of prosumers in the country. It can also be concluded that the Kagoro micro-grid has potential 
to attract investors by considering the system payback time of 5.6 years compared to the project 
lifetime of 25 years. 
5.2.  Future Work  
Some short comings were faced and overcome during the research, but there is still room for 
improvement. In order to further minimise cost and a highly reliable system, a different method 
of an evolutionary algorithm such as a generic algorithm can be recommended to perform 
further economic analysis of the system. Although solar PV and wind turbine were considered 
as the applicable energy sources for the case study, it is important to indicate that other power 
generation technologies such as biomass, which can be used as potential generation types to 
fully utilize local resources. However, an expensive irrigation infrastructure is required for 
biomass mass production, and it releases carbon dioxide which causes air pollution.  One of 
the recommended methods to obtain wind speed simulation is the use of Weibull distribution. 
Weibull has the capability to provide reasonably failure analysis and forecasts with very small 
data samples. Furthermore, it is of great interest to find a system set-up for predefined operating 
reserve inputs. Operating capacity that immediately responds to an unexpected change in the 
electric load or an unexpected change in the renewable energy power output is known as an 
operating reserve. Despite inconsistency in the electric load and the renewable power supply, 
operating reserve ensures a reliable power supply by providing a safety margin. For better 
economic viability, other feasible storage options such as hybrid storage systems can be 
explored for future system designs. With the implementation of these recommendations, it can 
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A: QUESTIONNAIRE  
QUESTIONNAIRE 
As part of my MEng research at the University of Johannesburg, I am conducting a survey that 
investigates the effects of lack of access to electricity in Mhondoro, Kagoro region in 
Mashonaland West, Zimbabwe. Kindly help me fill this questionnaire. 
SECTION A: DEMOGRAPHIC INFORMATION 
Gender: Male              Female 






60 and Above  




11 or more  
Head of household 
Father  
Mother  
Child   
Occupation: _________________________ 
 
SECTION B: RESIDENTIAL-RELATED FACTORS  
1. What source(s) of energy do you use for cooking and for lighting? (mark all that is 
applicable) 
Cooking Lighting 
Firewood  Paraffin lights  
Gas stove  Candles  
Paraffin stove  DC lights  
Others:  Others:  





2. What challenges do you face by using firewood as your source of energy for cooking? 
(mark all that is applicable) 
Wood burning stoves can get messy if they are not properly maintained  
Handling the wood logs around the fire requires caution to avoid injury  
It takes long to finish cooking  
If it’s raining it is difficult to cook  
Lots of firewood is required  
Cost of firewood  
Time taken to fetch firewood from the forest  
Danger involved in fetching firewood from the forest  
Fear of deforestation  
Air pollution   




3. What challenges do you face by using gas stove as your source of energy for cooking? 
Gas stove is expensive to buy   
Risk of gas explosion  
High cost of refilling gas cylinder  
Inconvenience involved in refilling the gas cylinder  




4. What challenges do you face by using paraffin stove as your source of energy for 
cooking? 
Paraffin is expensive to buy because it needs regular refilling   
Risk of fire explosion  
Air pollution  




5. What are the challenges you face by using paraffin for lighting? 
Poor lighting  
Emission of toxic gases  
Does not last long  
Need for regular replacement  
The cost of buying paraffin  






6. What are the challenges you face by using candles for lighting? 
Poor lighting  
Emission of toxic gases  
Frequent need for replacement  
The cost of candles  




7. What are the challenges you face by using DC lights for lighting? 
Limited lighting  
Requires constant charging of batteries  




8. How do you get these sources of energy for cooking? 
 Firewood Gas Paraffin Others  
We buy it     
We go and seek for it by ourselves     
It is obtained free     
Others:     
     
 
9. How do you get these sources of energy for lighting? 
 Candles DC lights Paraffin lights Others  
We buy it     
We go and seek for it by ourselves     
It is obtained free     
Others:     
     
 
10. How reliable are these sources of energy for cooking? 
 Firewood Gas Paraffin Others  
Mostly reliable     
Always Reliable      
Rarely reliable     






11. How reliable are these sources of energy for lighting? 
 Candles DC lights Paraffin lights Others  
Mostly reliable     
Always Reliable      
Rarely reliable     
Never reliable     
 
12. What challenges do you face because you don’t have access to electricity? 
Poor lighting  
Time wastage  
High demand on human power to do work that machines could do faster and easier 
at home and work. 
 
Difficulty in charging mobile phones  
Lack of access to timely and correct media information   
Difficulty in sourcing and using the alternative unclean sources of energy    
Limited time to study for students  
Limited time for trading activities  
Difficulty to use electronic gadgets  
Health issues (e.g. respiratory issues, eye problems etc.)  
Insecurity   
Low socio-economic activities  




13. Do you think access to electricity will improve your standard of living? 
Yes  
No  
Maybe   
I don’t know  
 
14. To what extent are you satisfied with your current way of living? 
Very Satisfied   
Slightly Satisfied  
Satisfied   
Slightly Dissatisfied   
Dissatisfied  
 
15. Are you aware of other sources of energy for lighting and cooking? 
 Solar Wind Biogas  Others  
88 
 
Yes     
No     
 
16. How is lack of access to electricity affecting the quality of health services received in 
this community? 
Not at all affected  
Slightly affected  
Affected  
Greatly affected  
 
SECTION C: BUSINESS AREA-RELATED FACTORS 
Instruction: Kindly tick all applicable options. 
Respondent:     Shop Owner  Sales Assistant  







60 and Above  
 
1. What type of business are you doing in this shop? ____________________________ 
 
2. What source of energy do you use for daily activities in your shop? 








3. How reliable is this source of energy for business activities? 
 Solar  Batteries Gas Biogas Paraffin  Others 
Very reliable       
Somewhat reliable       




4. How long do you operate your business daily? ________________________hours 
 
5. How long would you have wanted to operate your business daily? ___________hours 
6. How does the absence of electricity at the shopping centre affect your business 
trading hours? 
Not at all affected  
Slightly affected  
Affected  
Greatly affected  
 
7. What source of energy do you use for lighting in your shop? 
Solar   
Batteries  
Gas  
DC lights  
Biogas  




8. How reliable is this source of energy for lighting? 
 Solar  Batteries Gas Biogas Others 
Very reliable      
Somewhat reliable      
Not reliable      
 
9. Do you think access to electricity will improve your business turnover? 
Yes  
No  
I don’t know  
 
10. How does the absence of electricity at the shopping centre affect your business? 
You cannot operate late hours  
Difficulty to operate in the rainy season  
Low sales   







Thank you very much for your cooperation. 
Researcher 
Simbarashe R Mhandu 
